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ABSTRACT
Neogene deposits largely of quartz sand and montmorillonite clay 
and its alteration products, primarily of deltaic or nearshore marine 
origin, form regional aquifer systems in the northern Gulf of Mexico 
basin in which the hydraulic head, salinity of water, and temperature do 
not conform with conditions in older sedimentary basins. The factors 
believed by the writer to be responsible are (1) regional normal fault­
ing roughly parallel to the axis of the Gulf Coast Geosyncline, which 
effectively compartmentalizes the Gulfward extensions of major deltaic 
sand sequences, (2) abnormally high fluid pressure, (3) abnormally high 
temperature, (4) large-scale alteration of montmorillonite to illite and 
mixed-layer clay as a result of high temperature and high pressure, with 
a yield of fresh pore water equivalent to roughly half the volume of the 
montmorillonite so altered, (5) membrane properties of clay beds, which 
are responsible for concentration of the dissolved solids and a r.ise in 
the salinity of water in abnormally pressured compartmentalized aquifers, 
and at the same time for freshening by hyperfiltration of the water 
leaked from these reservoirs, and (6) osmotic forces developed across 
these leaking clay beds, impeding continued leakage by forces propor­
tional to the contrast of water salinity below and above the clay beds. 
Features of the hydrology that relate to these factors are (1) 
fluid pressures in aquifers ranging from hydrostatic to 0.96 the weight 
of the overburden; (2) aquifer-water salinity ranging from a few hundred 
mg/1 to 300,000 mg/1 or more, and no consistent depth-salinity relation­
ship; (3) temperatures ranging upwards of 500°F at depths less than 
20,000 feet, and geothermal gradients ranging from 0° to 6°F/100 ft, for
depth increments of several hundreds of feet; and (4)~ no consistent 
relation between the porosity of clay beds and the depth of their occur­
rence.
Hydrodynamic forces responsible for the movement of water in these 
systems are due to gravity, temperature, chemical changes, molecular and 
ionic phenomena, and perhaps spontaneous electrical currents. None of 
these forces can be measured independently of the others by conventional 
observations of head conditions in aquifers. Knowledge of the occur­
rence of these forces, and of the principles that govern them, can lead 
to improved development and management of ground-water supplies in 
deposits of Neogene age, as well as of the thermal and hydraulic energy 
resources in them.
INTRODUCTION
Neogene- deposits beneath the Gulf Coastal Plain and adjacent Conti­
nental Shelf are mainly of deltaic or nearshore marine origin. Innumer­
able delta and longshore bar complexes, predominantly of sand, grade 
Gulfward into massive prodelta and marine clay. Landward uplift accom­
panied Gulfward subsidence, but a continuing Gulfward shift in the locus 
of deposition reflects failure of downwarp to keep pace with the rate of 
deposition. The maximum thickness of Neogene sediments along the Texas 
coast is about 15,000 feet, and along the Louisiana coast, about 40,000 
feet. Sedimentation rates were great, burial was rapid, and regional 
normal faulting on a grand scale was contemporaneous with deposition.
The fine-grained components are now commonly undercompacted at some 
depth beneath much of the Gulf margin.
In this setting, certain important aspects of the ground-water 
hydrology are most perplexing. Regional sand-bed aquifer systems at 
depths greater than a few hundred feet along the Gulf shoreline are 
bounded above and below by regionally extensive beds of clay, and are 
closed downdip where they pinch out in clay. The head of water, 
expressed as the height of a column of fresh water above a common datum, 
increases generally with depth; and, except in aquifers recharged 
locally by meteoric water, it bears little relation to the altitude of 
the outcrop area. At some depth, in much of the region, an abrupt and 
very large increase in head occurs, which may or may not decrease with 
depth. In general, the systems of aquifers appear to be discharging 
upward or to the landward margin of the Gulf of Mexico basin, rather 
than Gulfward.
1
2But the most perplexing aspect of these aquifer systems is the d?s~. 
tribution of water salinity. There would appear to be no systematic 
hydrologic control whatsoever. Water 5 to 7 times as saline as that of 
the Gulf of Mexico occurs at depths between 6,000 and 12,000 feet in 
many places; and water less than half as saline as the Gulf occurs at 
some depth almost everywhere. Most interesting, however, is the occur­
rence of water fresh enough or nearly fresh enough to drink at depths 
ranging from 6,000 to 16,000 feet, with highly saline water above and 
below. Regionally, a progressive freshening of aquifer water below 
some depth is apparent, although two or more cycles of freshening with 
depth may be represented between depths of about 6,000 and 16,000 feet. • 
Effects of salt solution from salt domes, abundantly scattered through 
much of the region, are not apparent in the distribution of aquifer- 
water salinity.
Puzzling geothermal features accompany observed patterns of head 
and water salinity. Thick sequences of unconsolidated sediments gener­
ally have small geothermal gradients, and-published data for the 
northern Gulf of Mexico basin show average gradients ranging from 1.2° 
to 2.2°F per hundred feet. However, the average geothermal gradient for 
so thick a sedimentary mass gives little hint of' important anomalies 
within it. There is, in general, a marked change in the geothermal 
gradient at those depths where abrupt changes in the head of aquifers 
occurs. Temperature is a highly important aspect of the hydrology of 
aquifer systems, and observed changes in geothermal gradient, by a 
factor of 2 to 5, must have notable hydrologic implications. A range 
from 250° to 400°F between depths of 10,000 and 18,000 feet, in deposits 
that include thick, extensive, and highly permeable aquifers may
3indicate a sizable geothermal-resource potential, as well as a source of 
saline water hot enough for conversion to fresh water, upon release of 
pressure, without addition of heat.
Fresh water downdip from highly saline water in artesian aquifers, 
and the progressive freshening of aquifer water with depth on a regional 
scale, cannot be attributed to recharge from meteoric sources. Large 
differences in the salinity of water in adjacent aquifers separated by 
clay beds only a few tens of feet thick, especially at the upper bound­
aries of abnormally highly pressured aquifers, indicate that water 
passing through clay beds may be freshened in the process, and the 
salinity of water increased on the high-pressure side. Preservation of 
abnormally high fluid pressure during an appreciable length of geologic 
time, in compartmentalized aquifers where highly saline water underlies 
confining clay beds, indicates that osmotic forces may greatly reduce 
the effective permeability of clay beds in such settings. Osmotic 
forces might also cause water to flow through clay beds separating 
aquifers wherever large differences in water salinity occur.
Finally, the geotemperature regime of the basin, directly related 
to the mass transfer of water upward through the sediments, could be 
markedly altered wherever abnormally high fluid pressures occur as a 
consequence of the restriction of upward flow. It seems reasonable that 
abnormally high pressure should be associated with abnormally high tem­
perature at the depth where confinement of fluid is effective.
It is the purpose of this dissertation to summarize, interpret, and 
explain the salient features of the hydrology of Neogene deposits of the 
northern Gulf of Mexico basin. To accomplish the latter of these 
purposes a new theory has been developed, in which the geologic setting,
4structural deformation of deposits, confinement of formation waters, 
development of abnormal fluid pressures, the geothermal regime resulting 
from restriction of ground-water flow, the diagenesis of clay minerals 
by heat and pressure, and hyperfiltration of saline water by clay beds, 
all are mutually interrelated.
The geologic nomenclature used in this report comes from many 
sources and does not necessarily conform to the usage of the U. S. 
Geological Survey.
GEOLOGY
The northern Gulf of Mexico basin is a region of low relief. (See 
fig. 1.) The Gulf Coastal Plain ranges in width from about 150 to about 
300 miles, and rises on its inner margin to altitudes of about 300 to 
500 feet. The bordering Gulf Continental Shelf ranges in width from 
about 60 miles (off the Rio Grande Embayment) to about 150 miles (south­
ward from the mouth of the Sabine River). Sediment types in the 
deposits suggest that a broad continental shelf was characteristic of 
parts of the region during much of Cenozoic time (Meyerhoff and others, 
1968, in press). A broad shelf overlies most of the Gulfward limb of 
the Gulf Coast geosyncline (Barton, Ritz, and Hickey, 1933, p. 1446; 
Howe, 1933, p. 39), the late Cenozoic axis of which roughly coincides 
with the present shoreline (fig. 2). Late Pleistocene and Holocene 
delta building of the Mississippi River appears to have shifted the 
axis Gulfward beneath southeastern Louisiana (fig. 3).
Sediments deposited in the northern Gulf Basin since the beginning 
of Miocene time have accumulated in two main depocenters (fig. 4). 
According to Rainwater (1967, fig. 20), the maximum thickness of Neogene 
deposits Gulfward from the Rio Grande Embayment (fig. 1) exceeds 18,000 
feet, and Gulfward from the Mississippi Embayment, it exceeds 26,000 
feet. Between these depocenters Rainwater shows the minimum thickness 
to be more than 8,000 feet. The paper by Meyerhoff and others referred 
to above cites data from a number of sources which indicate that post- 
Anahuac sediments have a total thickness greater than '41,000 feet in ~ 
coastal Louisiana, and greater than 15,000 feet in southern Texas. If 
the thicknesses of the Anahuac and Frio Formations (considered by the
5
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writer to be of Miocene age) are added, the Neogene deposits have an 
aggregate thickness greater than 50,000 feet in coastal Louisiana, and 
greater than 25,000 feet along the south Texas coast. (See table 1 
below.)
Table 1.— Sedimentation rates in areas of thickest sediments, Texas and 
Louisiana Gulf Coast (modified from Meyerhoff and others, 
___________________________1968, in press)_____________________________
Duration 
Age (million 
years)
Thickness
Coastal
Louisiana
of Sediments 
Coastal 
Texas
Sedimentation Rate 
(cm/1,000 years)
(feet) (meters) (feet) (meters) Louisiana Texas
Holocene and 
Pleistocene 2 8,000 2,400 2,000 600 120 30
Pliocene 12 8,000 2,400 3,000 900 20 7.5
Miocene 12 25,000 7,500 10,000 3,000 62.5 25
Anahuac, Frio 
and Vicksburg
»
11 17,700 5,300 16,000 4,800 48.5 43.5
Rates of sedimentation required to yield these thicknesses in the 
elapsed time intervals are also shown in table 1. The rate of sedimen­
tation has generally exceeded the rate of structural downwarp beneath 
depocenters, as evidenced by their progressive Gulfward shift. Younger 
deltas "leapfrogged" older ones, and, as stated by Meyerhoff (1968, in 
press), "the thickest section in the geosyncline does not represent the 
aggregate thickness of sediments that actually were deposited." In plan 
the delta sequences in the subsurface resemble piles of leaves whose 
stems point landward toward the streams that formed them. In profile 
each delta has the form of a ladle (fig. 5), whose handle points land­
ward to the master stream (Russell, 1940, p. 1213; Fisk and McFarlan, 
1955, p. 284; Fisher and McGowen, 1967, p. 109). Deltaic and paralic
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sediments grade Gulfward and downward into middle and outer marine 
sediments, as shown on figure 3, page 8.
The stratigraphic nomenclature of Cenozoic deposits in the northern 
Gulf of Mexico basin is confused by a lack of agreement regarding the 
Oligocene-Miocene contact. In this report all deposits above the 
Vicksburg Formation are considered to be of Neogene age, and the Frio 
and Anahuac Formations are included in the Miocene Series. Holcomb 
(1964) shows the Frio and Anahuac Formations to be lower and upper units 
of the "Catahoula Group" of early and middle Miocene age, and his gener­
alized geologic column is shown in figure 6. (See chart, p. Bl.)
Neogene sediments of the northern Gulf Basin consist almost entirely 
of medium- to fine-grained, well-sorted quartz sand, montmorillonite and 
illite clay, and abundant organic debris. Sorting ranges from poor to 
excellent, and the areal continuity of bedded sand and clay ranges from 
a few feet or tens of feet to a few miles, tens of miles, or hundreds of 
miles.
The thickness of individual sand beds ranges from a few feet to a 
few hundred feet, and seldom exceeds 400 feet. However, an enormously 
thick sand body in the Frio Formation is more than 3,000 feet thick in 
places, and has no important clay interbeds. It' underlies the south 
Texas Coastal Plain and extends for a distance of about 150 miles 
parallel to the Gulf shoreline (fig. 7). According to Boyd and Dyer 
(1964, p. 312), this sand body is a buried barrier bar, consisting.of 
coarse- to fine-grained, well-sorted, porous quartzose sand which 
grades updip into lagoonal shale and downdip into inner neritic marine 
shale. The main sand body ranges in width from 25 miles in Aransas, 
Calhoun, and Refugio Counties, Tex., to 40 miles in Nueces County, Tex.
13
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It was apparently formed by longshore currents that transported sand 
northward from an ancestral Rio Grande delta as it was reworked by wave 
action.
Such coastwise sand bodies extend between the deltaic deposits of 
sand and silt from which they were derived. In the deltaic cones, sand 
beds are seldom more than 100 feet thick. (See fig. 8.) However, 
channel-sand deposits may be several hundred feet thick where they fill 
scour trenches cut during regressive stages, when shorelines retreated 
Gulfward (Fisk, 1944).
Sand beds formed by the winnowing action of waves in bays, estuar­
ies, and coastal lakes are seldom more than a few tens of feet in thick­
ness, but they may extend with excellent continuity over hundreds of 
square miles. The most permeable, most extensive, and largest deposits 
of coarse-textured materials were formed by braided streams during 
periods of rapid delta growth (Fisk, 1944, pi. 12). Classic among these 
are the Pleistocene deltas of the Mississippi River, in which massive 
beds of sand and gravel locally 500 feet or more in thickness may extend 
beneath areas of thousands of square miles (Jones, Turcan, and Skibitzke, 
1954, figs. 8-12). (See fig. 9.)
There is nothing distinctive about the petrology of the sandy 
deposits, except perhaps their remarkably uniform composition. But, 
according to Milne and Earley (195.8) , the clay mineralogy of the Gulf 
Basin reflects (1) the character of the source area, (2) the sedimenta­
tion rate, (3) the environment of deposition, (4) postdepositional 
exposure to oxidation, and (5) the development and destruction of clay 
mineral-organic complexes. They state (p. 328) that "montmorillonite, 
the predominant clay mineral in the Mississippi River and Delta
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sediments, is apparently the stable product of soil development and 
rock weathering in the drainage basin of the Mississippi River," and 
point out that clay minerals in the area of deposition will be altered 
if sufficient time is available for chemical equilibrium between sea 
water and clay minerals to develop. They note further that no signifi­
cant changes are shown in the clay mineralogy of Mississippi River sedi­
ment carried into the saline environment, except along the shelf edge, 
where sedimentation is slow. They conclude (p. 328), on the basis of 
examination of buried muds of Tertiary age, that "little or no alteration 
of clay minerals takes place in shales to a depth of several thousand 
feet." The clay samples taken from Neogene sediments were generally 50 
to 70 percent montmorillonite. Similar results were obtained by Corliss 
and Meade (1964, p. C80) in studies of the clay-mineral assemblage 
present in samples obtained from depths of 100 to 900 feet in a well near 
Houston, Tex.
According to Grim (1958, p. 250), sediments from the Gulf of Mexico 
afford definite evidence that some illite.-and chlorite form quickly when 
fresh-water mud enters the marine environment; also, that there is some 
development of illite and chlorite from montmorillonite. Such mineral 
transformation is only partial, and Grim suggests (p. 252) that it 
depends upon the availability of potassium and magnesium.
Kerr and Barrington (1961, p. 1697), in a study of the physical and 
mineralogic properties of shale above, within, and below the confining 
members of a zone of abnormal fluid pressure at Caillou Island, La. 
d o  cation shown on fig. 3, p. 8), noted a change in the bulk density of 
clay with fluid pressure, and a correlative change in the abundance 
ratio of montmorillonite to illite (fig. 10). These changes occurred as
HtHREN
CE
£* \o 1 j ^
£ \ ? £3 \ • 1
2\ \ ^ •
i i
ZONE OF 
REVERSAL
State le a s e  2 9 8 4  
W e ll N o . I  
C oillou  island Field
ZONE OF
I REVERSAL
2 2 5  2.30 2 3 5  2 * 0  2 * 5  2 5 0  
BULK DENSITY
20 30
INDENTATION
Illite
I2 0 0 0 - ,
M ontm orillonite
Reduced Indentation  
 Zone_________
1 4 000-
7 0  PER CENT50 60
DEPTH
8 0 0 0 - j
M ontm orillon ite
Illite
Reduced Indentation
60  PER CENT
DEPTH 
IN  FEET 11000-1
Illite
M ontm orillonite
Reduced Indentation  
 Zone__________
70 PER CENT
C ota . Sect.. G«el. D«pl.. ISU
Figure 10.— Changes in the bulk density and mineral composition of clay with depth, Caillou 
Island, La, (Kerr and Barrington, 1961)
vo
20
a function of depth, the montmorillonite content of clay decreasing and 
the illite content increasing progressively below a depth of about
10,000 feet. The percentage of montmorillonite showed a marked reduc­
tion in the zone of "reduced indentation" (Appendix C, p. C5) which 
conforms to the top of the zone of abnormal fluid pressure in the 
Caillou Island Field, at a depth of about 13,750 feet. (See table A-2, 
page A8.) Burst (1966, p. 607) explains this as a dehydration process.
Recent studies of the nature and content of organic materials in 
shales in the California and Gulf of Mexico basins indicate that they 
are 85 to 95 percent kerogens. Marine shales average about 2 percent 
kerogens by weight (F. A. Berry, oral communication, 1968). Finely 
divided kerogens survive in spite of temperature rise with increasing 
depth of burial, by complexing with clay-mineral particles. In this 
form, according to Berry, they have an ion-exchange capacity up to 5 
times as great as that of montmorillonite.
The accelerated rate of deposition in Neogene time relates to the 
structural history of the Gulf Basin. According to Bornhauser (1958, 
p. 341), "increased structural instability occurred "at the close of 
Eocene time, and during early Oligocene, the entire upper Gulf Coast 
belt, including the Mississippi Embayment, was uplifted by epeirogenic 
movements [which] added to the land area bordering the Gulf Coast geo- 
syncline. This regional emergence caused a considerable shrinking of 
the geosynclinal area which, however, was accompanied by a considerable 
deepening of the remaining geosyncline,..It is only during this late 
Tertiary period that the Gulf Coast geosyncline reached true geosyn­
clinal proportion." Bornhauser attributes the formation of the Gulf 
Coast geosyncline to large-scale subcrustal movements, which were
21
responsible also for broad uplifts wideJy evidenced in the Gulf Coastal 
Plain.
Faulting and subsidence of the Gulf Coast geosyncline were contem­
poraneous with basin filling during Neogene time. Referring to this, 
Shelton (1968, p. 399) says, "salt and some thick shale units have been 
deformed by uniform flow which, in turn, apparently caused failure by 
faulting in the overlying paralic sediments." Thorsen (1963, p. 103) 
asserts that the growth fault is "probably the most distinctive feature 
of south Louisiana geology." (See fig. 3, p. 8.) Growth faults are 
defined by Ocamb (1961, p. 139) as "those [normal] faults which have a 
substantial increase in throw with depth and across which, from the 
upthrown to the downthrown block, there is a great thickening of corre­
lative section." Growth faults are distinctive features of the lower 
Rio Grande Embayment also (fig. 11).
Regional growth faults are formed by intersecting arcuate faults 
whose throw may be constant for many miles; splits, forming a fault 
zone, are common, where each fault shares a part of the total displace­
ment. The throw may be a few hundred feet, or 5,000 feet; 3,000 feet is 
not uncommon. The dip of the fault plane averages about 50° at shallow 
depth, and generally decreases with depth. Belts of growth faulting 
shifted Gulfward and laterally as the thickness of deposits on the 
downthrown side reached some critical thickness, and subsidence was 
arrested. (See fig. 2, p. 7, and Dickey [1968], Appendix C, p. C7.)
The causes and mechanics of growth faulting have not been adequately 
explained,- but the structure, stratigraphy, and observed movement of mud 
lumps near the mouth of the Mississippi River may provide insight into 
the conditions and processes involved (Morgan, Coleman, and Gagliano,
22
[TOP
OF
ANAHUAC
UJ
u
u_
CO
o
2
<
CO
o
X
UJ
>
IU
<
UJ
CO
5
o
.J
UJ
co
X
20 H
CL
UJ
22 °
10
12
16
Figure 11.— Diagrammatic dip section through the Rio Grande Embayment of 
Texas showing thickening of strata across growth faults 
(after Murray, 1961).
23
1968, figs. 22 and 23). Although diapiric movements of salt from a 
deeply buried "mother salt" bed (Halbouty, 1967, figs. 2-6 and 3-1) may 
be the major factor in growth faulting, large-scale movements of
"diapiric shale" (Atwater and Forman, 1959, p. 2592) may play a very
important role.
While great thicknesses of sediment were accumulating in rapidly 
subsiding growth-fault basins, salt diapirs, both as domes and "salt 
massifs" (Atwater and Forman, 1959, p. 2599) formed in adjacent areas. 
These diapiric movements of salt were accompanied or preceded by diapiric 
movements of shale; and the "shale sheath" of intrusive salt masses, as 
.well as the brecciated "shale core" in places associated with domal salt,
indicate that plastic clay is an important element of salt diapirism. At
Caillou Island, La. (fig. 3, p. 8), an intrusive shale mass has reached 
an elevation more than 5,000-feet above the associated salt core, the top 
of which is at a depth of about 16,000 feet (Atwater and Forman, 1959, 
p. 2595).
Regarding the origin and occurrence of salt-dome caprock, G. I. 
Atwater, 6ral communication, 1967) believes that effective solution of 
the salt body to produce caprock does not take place before massive 
sandy deltaic sediments have been intruded. Caprock is commonly found 
associated with domes in the Gulf Basin where salt occurs at depths less 
than about 5,000 feet. The great thicknesses of residual anhydrite in 
known caprock occurrences on individual domes could have been produced 
only by dissolution of many millions of tons of domal salt.
Halbouty (1967, p. 5) reports 409 domes in the Gulf Basin where 
salt has been penetrated by drilling. Locations of known and inferred 
salt domes are shown on figure 12. Because the domes commonly range
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from about 2 to about 5 miles in diameter, they form an appreciable 
part of the depositional mass in areas where they are most abundant.
The uplifted deposits of a few well-known domes underlie areas that 
range from 11 to 75 square miles; the uplift of the Frio formation on 
these domes ranged from 800 to 3,200 feet (Halbouty, 1967, table 7-1, 
p. 105).
Analysis of structural controls, and appraisal of the relative 
importance of each upon the regional hydrology of Neogene deposits, has 
necessitated the preparation of detailed structure maps and the collec­
tion of many well records, mainly electric logs, for use in preparation 
of geologic sections. The most widely mapped geologic formation above 
the Vicksburg in the northern Gulf Basin is the Frio Formation (fig. 6, 
p. 13). The top of the Frio Formation has been mapped in that part of 
the Texas Coastal Plain where it lies more than 1,500 feet below sea 
level. The map scale is 1:250,000, and the contour interval is 500 
feet; all important faults are shown. The map was made available, with 
certain restrictions, by the Humble Oil and Refining Co., Houston, Tex.
It was adapted from a regional map series completed in 1962 by the 
Company’s Basin Studies Group.
Figure 13 is a segment of the regional structure map showing 
features of the top of the Frio Formation along the Texas coast between 
27°30' and 29°00’ north latitude. The rather uniform slope of the top 
of the Frio Formation northwest of the Vicksburg flexure contrasts 
markedly with the domed, faulted, and folded conditions to the southeast. 
The double'line in the southwestern part of the map area in figure 13 
shows the coastward part of the line of section of figure 14, which 
crosses Nueces County and the northeastern corner of Kleberg County, Tex.
2 6
0 C tir l  T T
, v
VICTORIA /
r'/f// /  c? / \ p  !
C * U O U R
r  ^  _>
„6 Y
/ /
A R A H U 9  / ^ < T »
E X P L A N A T I O N
S,SOO-~ 
CONTOUR SNOWI NG A L T I T U D E  
OF T O P  OF FR I O  F O R M  A X I O M ,
IN F E E T  B E L O W  M EAN SEA LEVEL
Figure 13.— Map of the top of the Frio formation in the south-central 
part of the Texas Coastal Plain.
F
E
E
T
 
B
E
L
O
W
 
M
E
A
N
 
SE
A 
L
E
V
E
L
2,000
9 , 0 0 0
4 , 0 0 0
9 , 0 0 0
6,000
7 ,0 0 0
0(000
9 ,0 0 0
10,000 L
Figure 1 4 — Geologic cross section through the Corp
through northeastern Kleberg
3 2 Q °  in d ic a te s  to m p o ra tu ro  
in  d o g ro o o  F a h ro n h o it
28
Figure 14 shows subsurface conditions ir a part of the Gulf Basin 
outside of but immediately adjacent to the Rio Grande Embayment. The 
effects of the major fault that cuts the Vicksburg Formation between 
wells 3 and 4 at a depth of 6,600 feet, with a displacement of some
2,000 feet, are reduced upwards, and are reflected in two small faults 
with a total displacement of about 200 feet at depths between 2,400 and _ 
2,700 feet. No other fault occurs along this section updip from the 
Vicksburg flexure. Displacements of the seven faults that occur between 
the Vicksburg flexure and the Gulf shoreline are less than 500 feet, and 
the cumulative displacement is less than 2,000 feet. In general, above 
a depth of 6,000 feet, the displacement does not exceed the thickness of 
sand zones that form regional aquifer systems. This is a very important 
factor in aquifer-water salinity distribution (p. 53). Below 6,000 
feet, Gulfward from the Vicksburg flexure, Frio barrier-bar sands appear 
(fig. 7, p. 14); landward from the flexure, the areal continuity of sand 
beds is very poor, even without the effects of faulting.
The geologic section shown in figure 15 follows approximately the 
axis of the Rio Grande Embayment from eastern Hidalgo County to the Gulf 
of Mexico. A massive sand bed between depths of 12,300 feet and 14,400 
feet is probably the basal unit of the Frio, if the cumulative thickness 
of the Oligocene and younger deposits here exceeds 16,000 feet, as 
indicated by Rainwater (1967, figs. 18 and 20). Displacement of the top 
of the Frio Formation along regional normal faults is relatively minor 
landward from well 8, in northwestern Cameron County; southeastward, a 
displacement of 1,700 feet, downthrown Gulfward, occurs between wells S 
and 9; and a displacement greater than 3,000 feet, downthrown Gulfward, 
occurs about 6 miles Gulfward from well 10. Very rapid thickening of
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the Anahuac Formation and younger Miocene deposits occurs along the Gulf 
shoreline. Thick sequences of sand beds are separated by very thick clay 
beds. Areal continuity of individual beds is good within fault blocks, 
but fault zones cut most sand zones off completely.
In summary, the geologic features of the northern Gulf of Mexico 
basin that have an important bearing upon the local and regional 
hydrology of the Neogene deposits are:
1. Geomorphol.ogy of the basin.
2. Structural features and structural history prior to and during 
Neogene time.
3. Depositional processes (their role in facies distribution) and 
the effects of erosion and redeposition of sediments.
4. Rate of deposition, and cumulative thickness of sediments 
deposited, by type and texture, in major depocenters.
3. Mineralogy and texture of the deposits.
HYDRAULIC HEAD
Hydrologists describe hydraulic head in terms of the height of a 
column of fresh water, with a density of 1 gram per milliliter (g/ml), 
above a specified datum. This is equivalent to a pressure of 0.432 
pound per square inch (psi) for each foot of water column. Petroleum 
engineers in the Gulf Coast area express head in terms of water having a 
dissolved-solids content of 80,000 mg/1 and a density of 1.055 g/ml, 
which exerts a pressure of approximately 0.465 psi for each foot of 
water column.
Wherever a water-bearing formation is tapped by a well, the water 
that enters the well has a measurable pressure. This pressure may be 
expressed as the height to which a column of water of specified density 
will rise above the stratum without pumping. Original pressures of 
formations tapped by most wells in the Gulf Basin in a depth range from 
a few feet to about 16,000 feet are sufficient to cause a column of 
water with a density of 1.055 g/ml to rise to the land surface 
(Dickinson, 1953, p. 413). This is equivalent to a pressure gradient of 
0.465 psi per foot of depth, and is spoken of as a normal pressure 
(Rubey and Hubbert, 1959, p. 169; Dickinson, 1953, p. 412-413). Such a 
head condition "implies the absence of pressure-inducing mechanisms 
other than the weight of the superincumbent body of ground water" (Rubey 
and Hubbert, 1959, p. 169).
At some depth, known to range from less than 2,000 feet to about 
17,500 feet (fig. 16 and table A-2, p. A8), beneath a belt which coin­
cides approximately with the area of Pleistocene and Holocene formations
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in the northern Gulf Basin, wells being drilled commonly encounter 
high-pressure zones which are most difficult to control.
According to Dickinson (1953, p. 410), "These zones of excessive 
pressure are widely distributed in a belt 35 to 75 miles wide along the 
coast from the Rio Grande in the southwest to the Mississippi Delta in 
the east, a distance of approximately 800 miles." Dickinson adds 
(p. 415) that they commonly occur "only below the base of the main sand 
development, in or below a major shaly series." (See fig. 17.)
Such zones of excessive fluid pressure in sediments are said to 
exhibit abnormal pressure, defined by Dickinson (p. 410) as "any 
pressure which exceeds the hydrostatic pressure of a column of water 
[extending from the stratum tapped by the well to the land surface] con­
taining 80,000 mg/1 total solids." Of the three possible explanations 
of abnormal fluid pressure given by Rubey and Hubbert (1959, p. 170), 
the one considered by the writer most nearly correct is described in 
considerable detail by Dickinson (1953, p. 424-429). He states (p. 425) 
that:
...in the Gulf Coast region abnormal pressures are caused by 
the weight of the overburden.
Compression of argillaceous beds during the early stages 
of sedimentation and the concomitant expulsion of fluid give 
rise to progressive compaction as additional sediments are 
added to the overburden. As compaction proceeds the expul­
sion of fluid becomes more difficult because of decreasing 
permeability, so that the pressure in the clay will be partly 
transmitted to the fluids, and thereby to the fluids in any 
sand body completely enclosed in the compacting mass, even 
though the sand body itself may not be compressible. So long 
as the sediments remain plastic these pressures.will ulti­
mately become practically identical and will be determined 
by the pressure gradient of the combined weight of the sedi­
ments and the contained fluids, that is, the geostatic 
pressure gradient of the overburden.
The pressures in fluids within sediments are dominated 
by two factors, the compression due to compaction on the one 
hand, and the resistance to expulsion on the other....
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Abnormal fluid pressure has been analyzed in terms of the average 
density of all rocks that lie above any given depth. Because this 
average changes but slowly with depth, calculations of the load at any 
given depth based on observed bulk densities are generally very close to 
the ratio: load (lbs/in )/depth (ft.) equals 1.0, to depths of more
than 20,000 feet (Rubey and Hubbert, 1959, p. 171). The ratio of the 
observed fluid pressure in an aquifer to the pressure exerted by the 
column of overlying deposits, computed for the depth at which the 
aquifer occurs, is termed the geostatic ratio. Aquifers for which the 
ratio is greater than 0.465 are said to be geopressured, a term first 
used by Charles Stewart of the Shell Oil Co. (C. E. Hottman, Shell Oil 
Co., oral communication, 1966).
Records for drilled wells that penetrate geopressured zones of sand 
and shale commonly show that there is a considerable departure from 
normal reduction of shale bulk density with depth, coupled with an 
increase in the interstitial (pore) fluid pressure over a narrow depth 
range. (See fig. 10, p. 19, and fig. 18.)
Problems in petroleum reservoir engineering, and in drilling of 
oil-test wells, associated with the occurrence of abnormal fluid 
pressure have resulted in the development of geophysical log interpreta­
tion techniques designed to identify and measure abnormal interstitial 
fluid pressure (Wallace, 1965, p. .4; Hottman and Johnson, 1965, p. 717; 
Foster and Whalen, 1966, p. 165). Although empirical, these methods 
have been very useful in studies of the occurrence and characteristics 
of geopressured sediments.
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with depth in a well in Matagorda County, Tex. (after Myers 
and Van Siclen, 1964).
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Role of clay hydrology.— The hypothesis presented by Dickinson (1953, 
p. 425) that abnormally high fluid pressures are caused by the weight of 
the overburden, associated with fluid entrapment, must be extended to 
include a number of other factors. Perhaps the most important of these 
is rate of deposition of sediments. Clay beds drain very slowly because 
of their low permeability, and their capacity to sorb and retain water, 
even under large compaction pressure. Shale bulk density varies 
inversely with porosity and increases progressively with depth of burial 
in deposits having normal fluid pressure (Athy, 1930, p. 31; Kerr and 
Barrington, 1961, p. 1701; Myers and Van Siclen, 1964, p. 241). The 
load-bearing strength of clay varies inversely as the logarithm of 
porosity for porosities ranging from 3 to about 25 percent, for effec­
tive stress ranging from 0.7 to 2.7 x 10^ dynes per square centimeter 
(Rubey and Hubbert, 1959, p. 177). Their extrapolation of the graph of 
this relation indicates that the load-bearing strength of clay becomes a 
factor in compaction only after porosity has been reduced below about 
.45 percent.
At the time of deposition, sediments of deltaic or marine origin 
contain large amounts of water. Shortly after burial, the average 
porosity of deltaic sand is about 40 percent (Maxwell, 1964, p. 697-709). 
Marine mud a few feet beneath the Gulf bottom may have a porosity of 70 
to 80 percent. Data on the loss of porosity of sand with depth, based 
upon study of cores, are abundant; but core data on clay porosity are 
not. However, a great deal of information on clay-porosity change with 
depth can be obtained from radiation logs (neutron and gamma-gamma 
density logs).
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Weller (1959, p. 273-310), in a comprehensive study of the compac­
tion of sediments, reviews available information on the loss of porosity 
of shale (clay) with depth of burial. He rejects the results of labora­
tory tests (p. 275), asserting that "it is doubtful that they show 
results exactly comparable with the natural compaction of mud because 
the destruction of a sediment's original structure may permit compaction 
to proceed farther under comparable pressure in the laboratory than in 
nature." Information on core samples taken from deep wells is the main 
basis for the conclusions and interpretations he presents; but these 
also are qualified by the statement that "the depths to which porosity 
and density are related, however, are present depths, and the possibil­
ity of removal by erosion of considerable thicknesses of formerly occur­
ring overlying strata cannot be neglected." Weller might have added 
also that decline of sea level over a range of several hundreds of feet, 
with resultant drainage of formation water into the channels of newly 
incised streams, would have the effect of increasing the equilibrium 
depth of the deposits in the sedimentary sequence (Rubey and Hubbert, 
1959, p. 174); and the resulting increase of effective overburden load 
would tend to produce a corresponding compaction of underlying shale. 
Subsequent rise of sea level would decrease equilibrium depth, and the 
shales would then appear overcompacted.
The cyclic rise and fall of sea level during the Pleistocene may be 
responsible for the fact that Hedburg's (1936, p. 241-287) data on cores 
from Venezuelan wells do not agree with data obtained by compression 
tests (Terzaghi, 1925, p. 796-800). Weller's observation (1959, p. 277) 
that "Hedberg's data suggest some 500 feet of overburden may have been 
removed by erosion at the site of the Venezuelan wells" fits very well
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with Fisk’s estimate (1944, p. 68) of the late Wisconsin decline of sea
)
level (450+ feet).
Shale-density data from drill cuttings and geophysical logs of 
wells in the Gulf of Mexico basin (Dickinson, 1953, p. 427; Kerr and 
Barrington, 1961, p. 1704-1705; Boatman, 1967, p. 1424) indicate that 
there is no consistent relation between the depth of burial of clay and 
its porosity. The reasons for this are suggested by the following 
description of the compaction mechanism (Wallace, 1965, p. 4):
In this process, the thin platey mineral grains of the 
shale are pressed into contact with each other until suffi­
cient resistance is obtained to support the weight of the 
rock above. Meanwhile, the water, together"with oil and gas, 
is squeezed out into the nearest available porous sand body.
The muds near the surface lose more than half of their total 
bulk volume when buried to depths of about 10,000 feet. It 
becomes obvious that in this process vast volumes of water 
escape from the shale and must be removed for lack of avail­
able space.
There is only one place for the .water to escape. This 
is updip, back to the surface at the margin of the basin.
The process involves the transportation of huge quantities 
of water from depths out in the basin back to the surface, 
where it returns to the sea.
Failure of all parts of the depositional mass to drain equally well 
accounts for departures from the theoretical porosity-depth relation for 
clay. Deposits not free to drain fluid in direct response to the stress 
resulting from overburden load are undercompacted, and fluid pressures 
are abnormal. The rate of deposition, and the rate of drainage of 
fluids from sediments undergoing rapid burial are thus key factors in 
the development of abnormal fluid pressure, as suggested on page 37.
Timm and Maricelli (1953, p. 398) describe the sedimentation rates in 
southern Louisiana as steady, but gradually accelerating since early 
Miocene time. Table 1 above (p. 10), indicates that rates have been
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very rapid indeed since the beginning of Pleistocene time. In coastal . 
Texas the rate during the Pleistocene has been more than double that of 
the Miocene, and some 8 times that of the Pliocene; in coastal Louisiana 
it has been almost 4 times that of the Miocene, and some 12 times that 
of the Pliocene. The distribution of abnormally pressured reservoirs, 
and the depth of their occurrence, shown in figure 16 (p. 32) confirm 
that they underlie thick deposits of Pleistocene and Holocene age, their 
maximum depth corresponding to the location and thickness of permeable 
deltaic sediments.
The importance of conditions in the geopressured Neogene deposits 
on the head of ground water in regional aquifer systems is very great 
indeed. In the massive undercompacted clay beds hydraulically continu­
ous with geopressured aquifers, a very large amount of water is in 
temporary storage. With progressive burial, structural deformation, and 
diagenesis of clay minerals, this water is gradually released.
Fluid production from geopressured reservoirs is accompanied by 
pressure changes that cannot be reconciled with reservoir dimensions.
It is apparent that withdrawal of fluid is accompanied by either (1) a 
reduction of reservoir volume, or (2) production of fluid from deposits 
(clay beds) that bound the reservoir (M. F. Hawkins, Department of 
Petroleum Engineering, Louisiana State University, oral communication, 
1967). Wallace (1962, p. 187-193) describes the effects of fluid 
production on reservoir pressure for a number of oil and gas reservoirs, 
and Dickinson (1953, p. 422) states that..."the Bel crater in Allen 
Parish [La.] produced about 7 million barrels of water without apparent 
reduction in the rate of flow."
41
Regarding the relation of abnormal pressure to rate of deposition, 
Rochon (1967, p. 135) states that:
Over pressured zones and reservoirs are associated with 
periods of fast deposition when hydraulic equilibrium accom­
panying normal compaction is disturbed by a restriction to 
the orderly expulsion of water from shale. This restriction, 
referred to as a seal, is related to compaction, change in 
clay minerals or overlying deposition of a highly mineralized 
zone (cementation of shales and sands by salt, anhydrite, 
etc.). The subsequent pressure and shale density history is 
determined by the efficiency and original depth of the seal.
The hydrodynamics of geopressured reservoirs indicates that shale den­
sity and reservoir pressure bear no relation to the original depth at 
which the geopressuring seal took place.
The ratio of the observed fluid pressure in a stratum and the geo­
static pressure computed for the depth at which the stratum occurs is 
termed the geostatic ratio. Data in table A-2, page A8, show that 
there is no general relationship between the geostatic ratio and the 
depth at which geopressuring occurs. As shown in figure 19, the 
frequency of occurrence of geopressure increases markedly below a depth 
of about 8,000 feet in southern Louisiana.
Normal drainage function.— Figure 20, stage 1, shows diagrammatically 
the effects of expulsion of pore water from clay interbeds of a deltaic 
sequence during compaction under normal pressure conditions. The flow 
of water upward and shoreward is the consequence of a hydraulic gradient 
in the direction of pressure relief. Stage 2 shows conditions of flow 
after normal faulting has occurred and the deltaic sequence of stage 1 
has been depressed beneath a new deltaic sequence. Several aquifers 
have been compartmentalized in stage 2 by faulting, and the deposits 
may be geopressured if the seal is effective. Progressively deeper
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Figure 20.— Diagrammatic dip profile through deposits of deltaic 
and associated nearshore marine origin showing facies 
distribution, continuity of beds, and effects of sub­
sidence contemporaneous with deposition. Arrows indi­
cate movement of water released by compaction of sedi­
ments.
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burial results in continued expulsion of pore water unless or until the 
seal becomes completely effective.
Discharge of water produced by continuing clay compaction causes a 
gradient in head in the associated aquifers which, by virtue of their 
origin as sandy components of deltas or longshore-transported reworked 
deltaic sands, have good continuity from the marine depositional 
environment to the coastal-plain depositional environment. The gradient 
in head associated with discharge of water produced by continuing com­
paction of delta-fringe, prodelta, and marine clay is therefore toward 
the basin margin, and the hydraulic profile slopes from offshore toward 
the Gulf shoreline and coastal marsh. The head of water tapped by deep 
test wells in the Lake Pontchartrain area near New Orleans, La., 
increases with depth, as shown in figure 21, and the hydraulic profile 
slopes northward in aquifers that occur below a depth of about 500 feet 
(Cardwell and others, 1967, p. 20).
To the east, along the Gulf shoreline of southern Mississippi, and 
to the west off southwestern Louisiana, the hydraulic profile slopes 
southward (Gulfward), across the coastline and the head of water in 
artesian fresh-water aquifers stands several feet above Gulf level in 
wells several miles offshore. Thus, the hydraulic profile that slopes 
landward from offshore areas meets the hydraulic profile that slopes 
Gulfward across the Gulf Coastal Plain at some minimum elevation which 
is a function of the hydraulic geometry of the multiple aquifer systems 
formed by the deposits. In plan, the juncture of a series of hydraulic 
profiles transverse to the Gulf shoreline would describe a trend 
surface, the slope of which would indicate regional longshore movements 
of ground water towards areas of discharge.
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Thus the Gulf shoreline, together with adjacent coastal marsh and 
inner neritic belts, defines a zone of ground-water discharge. Locali­
zation of discharge from both the Gulfward component and the landward 
component is favored where massive deposits of permeable sand and gravel 
occupy late Pleistocene scour trenches cut deeply into the Gulf Coastal 
Plain and adjacent part of the submerged Continental Shelf, and now 
underlie a great expanse of coastal marsh such as that flanking the 
Mississippi Eiver and its late Pleistocene channels.
Effects of ground-water withdrawals.— The head of water in fresh-water 
aquifers tapped by tens of thousands of wells in the nearshore belt of 
the Gulf Coastal Plain has been lowered hundreds of feet in substantial 
areas. The largest and most intensively studied example of induced 
decline of head is the Houston district of Texas, where the total 
decline between 1890 and 1961 exceeded 100 feet in an area greater than
1.000 square miles, and exceeded 300 feet in an area of about 12 square 
miles (fig. 22). The total area of appreciable head decline is about
5.000 square miles. The seven aquifer systems tapped are shown in 
figure 8 (p. 16).
This lowering of head in aquifers has resulted in subsidence of the 
land surface throughout the area of appreciable head decline, the maxi­
mum subsidence occurring in the area of maximum decline, as shown in 
figures 22 and 23. According to Winslow and Wood (1959, p. 1034), about 
22 percent of the water pumped in the Katy-Houston-Pasadena-Baytown area 
between 1954 and 1959 was derived from compaction of sediments of the 
heavily pumped interval. The porosity of clay cores taken from a test 
well at the University of Houston in 1957 ranged from about 30 to about
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45 percent between depths of 186 and fa^t. Although the zones of
compaction cannot be identified, it is believed that the clay beds
between the. sand-bed aquifers lost water to the sand beds when the head
was lowered in them, as described by Rubey and Hubbert (1959, p. 172). 
The ratio of subsidence to head decline ranges from 1:200 to about 1:60, 
depending upon the sand-clay thickness ratio (fig. 24). Lack of 
correlation between the ratio of subsidence to head decline and the 
cumulative thickness of clay in the heavily pumped interval confirms 
that clay must be well drained by interbedded sands if compaction is to 
proceed readily with head decline.
In summary, the head of water in Neogene deposits of the northern
Gulf Basin, under natural conditions, rises to higher elevation both 
landward and Gulfward from the shoreline belt of marsh, lagoon, and 
coastal lake (Winslow and others, 1957, p. 383; Jones and others, 1954, 
p. 134, 190; table A-2, p. A8). Rapid deposition, deep burial, low 
permeability, high porosity, and poor drainage (due in part to facies 
change "Gulfward), together with regional normal faults, and faulting 
associated with salt domes, have resulted in abnormally high pressure 
below depths of about 8,000 feet beneath large parts of the Pleistocene 
and Holocene outcrop area and adjoining Continental Shelf. The head is 
no more than a few hundred feet above sea level in the landward element 
of the hydraulic profile, but it may be as much as 10,000 feet or more 
above sea level in the Gulfward element (table A-2, p. A8). Expulsion 
of water from clay beds in the deposits occurs upon release of pressure 
(decline of head) in adjacent sand beds, at a rate that is a function of 
the ratio of sand-bed to cl ay--bed thickness, and upon the nearness of a 
sand bed.
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WATER SALINITY
Salinity is a measure of the dissolved-solids content of water.
The origin, changes in, and relative abundance of individual ion species 
in sediment pore waters are of great interest to geologists. Salinity 
data are of special interest to ground-water hydrologists, as they pro­
vide a basis for important inferences regarding the source and movement 
of the water.
Dott and Ginter (1930, fig. 1) mapped the chloride content of 
Ordovician rocks in the Midcontinent Region in an effort to analyze 
water movement. Piper (1944, p. 919) devised graphical methods and 
study techniques to identify sources and calculate the relative contri­
bution of each, for mixed ground waters derived from different sources. 
DeSitter (1947, p. 2030-2040) was one of the first to identify the 
factors involved in, and to stress the geologic, and hydrologic, impor­
tance of, diagenesns of formation waters. Foster (1950, p. 33-48) 
endeavored to identify the source of certain dissolved solids in forma­
tion waters. Timm and Maricelli (1953, p. 394-409) noted regional 
changes of salinity with age of deposits and of occurrence in Tertiary 
deposits of southern Louisiana. McKelvey, Spiegler, and Wyllie (1959, 
p. 199-208), Berry (1959), Berry and Hanshaw (1960, p. 209), Kryukov, 
Zhuchkova, and Rengarten (1962, p. 1363-1365), McKelvey and Milne (1962, 
p. 248-259), von Engelhardt and Gaida (1963, p. 919-930), and 
Bredehoeft, Blyth, White, and Maxey (1963, p. 257-269) all investigated 
the hydraulic and membrane properties of clay or shale, the salinity of 
pore waters derived from clay by compaction, and the role of clay 
hydrology in ground-water salinity development. White (1965, p. 342-
366) considered the basic salinity phenomena described by earlier
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writers, and the geochemical and physical aspects of diagenesis in 
sedimentary rocks. Graf, Friedman, and Meents (1965) stress isotopic 
study methods; and Back (1966) uses hydrochemical facies distribution as 
a means of mapping regional ground-water flow.
Several billion gallons of water is produced each day from wells 
that tap Neogene deposits of the northern Gulf of Mexico basin at depths 
ranging from a few tens of feet to 18,000 feet or more. According to 
McMillion (1963, p. 114A), about 111 billion gallons of salt water was 
produced with oil in Texas in 1961. How much of this was produced from 
Neogene deposits is not known. At least 2 billion gallons of fresh 
water is pumped each day (Wood, 1956, p. 17; Snider and Forbes, 1960, 
p. 6; Gabrysch, 1967, p. 32). Chemical-quality requirements of users of 
fresh water necessitate very accurate and detailed chemical analyses, 
and many tens of thousands of such analyses are available in the files 
of Federal, State, and local government offices.
Analyses of salty water, on the other hand, have been made largely 
in connection with the production of oil and gas; the purposes have 
ranged from corrosion control to correlation of producing reservoirs. 
Brine analyses seldom include concentration determinations for more 
than 6 or 8 ion species, together with density, .total solids, and 
electrical resistivity at specified temperature. Because of the depth 
of occurrence of the aquifers tapped, and the pressure and temperature 
conditions in the source aquifers, reliability of samples and degree of 
contamination are always questionable. Techniques used for taking 
samples and for studying the reservoir conditions are more complicated 
than those used in studies of fresh-water aquifers.
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Distribution and range of water salinity.— The depth distribution of 
salinity in the northern Gulf Basin does not conform with that reported 
for older, isolated sedimentary basins (Dott and Ginter, 1930, p. 1217; 
Dickey, written communication, 1968); nor are the concentrations of 
dissolved solids comparable. In the Illinois basin, formed and filled 
during the Paleozoic Era, the concentration of brines increases with 
depth and with distance from the outcrop, although at different rates in 
different formations. The maximum salinity is less than 180,000 mg/1. 
Data cited (Bredehoeft and others, 1963, fig. 1) for the conditions in 
Ordovician rocks of the Midcontinent area, and for the Woodbine Sand­
stone (Upper Cretaceous) of Texas indicate that there are wide varia­
tions in the salinity-depth relationships, but support the statement 
(p. 257) that "normally the concentration of dissolved solids within 
formations increases with depth." Perhaps this is normal for ancient 
basins in which deposition ceased many millions of years ago, and the 
release of water from compacting sediments has long been essentially 
complete. According to Dickey (written communication, 1968), "no 
satisfactory explanation for the increase in concentration with depth 
has been advanced. The uniformity of the increase suggests that it may 
be related to the geothermal gradient." The writer is inclined to agree.
The salinity of water in aquifers of Neogene age in the northern 
Gulf of Mexico basin ranges from less than 1,000 mg/1 to more than
240,000 mg/1 (lessen and Rolshausen, 1944, p. 1; Timm and Maricelli,
1953, p. 404-405). Chemical analyses of more than 6,000 water samples 
from Gulf Coast oil wells support the following observations of Timm and 
Maricelli (1953, p. 403-407). (See fig. 25.)
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1. The shallow undifferentiated nonmarine sediments contain 
fresh meteoric waters and highly saline waters which meet in 
an abrupt transition zone. This contact zone rises coastward 
— that is, downdip.
2. The very young marine sediments of Miocene age contain 
water of high salinity (concentration up to 4-1/2 times that 
of sea water, which is 35,000 parts per million, equivalent 
NaCl).
3. Older marine sediments contain waters of lower salinity 
(concentration down to half that of sea water).
4. A relative decrease in saline concentrations of connate 
waters becomes apparent in: (a) massive continental sands 
above and below intertonguing marine shales, (b) marine 
sands which are grading downdip into solid marine shales,
(c) older, more marine parts of a regressive phase as com­
pared with its younger, nonmarine part (except for the very 
top), and (d) Eocene-Oligocene formations as compared with 
Miocene-Pliocene formations.
In general, the regional aquifer systems contain fresh water from 
the outcrop to depths ranging from 1,000 to 3,500 feet (Wood, 1956, 
pi. 18, p. 28; Rollo, 1960, pi. 3, p. 47)  ^ The contact zone between 
fresh and salty water in a given aquifer may be very narrow; the 
salinity may change from about 500 to 15,000 mg/1 in a depth interval of 
50 feet in the same aquifer (as at Oakdale [Allen Parish], La., in a 
sand bed at depths of 1,720 to 1,830 feet). Downdip from the contact 
zone the salinity increases rapidly. It may range between 70,000 and
130,000 mg/1 between depths of about 8,000 to 12,000 feet, or it may 
decrease or increase sharply in this depth range. Below some depth 
between about 8,000 and 12,000 feet, a progressive freshening of aquifer 
water typically occurs. The dissolved-solids content commonly falls 
below 10,000 mg/1, and it is less than 5,000 mg/1 in many places.
Figure 26 is a plot of the sodium chloride content of 72 water 
samples collected from 69 wells in 29 oil fields, reported by Timm and
Dissolved Solids (mg/1)
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Figure 26.— Relation of salinity of formation waters in southwestern 
Louisiana to geologic age of source beds and depth of 
occurrence (plot of data from Timm and Maricelli, 1953, 
table 1, p. 404-405).
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Maricelli (1953-, p. 404-405). According to this plot, the maximum 
salinity of formation water decreases as the age of the formations 
increases, and the depth at which the maximum salinity occurs increases 
with the age of the deposits (W. A. Fowler, Phillips Petroleum Co., 
written communication, 1968).
Dickey (written communication, 1968) cites data on the change with 
depth of salinity of formation waters in southern Louisiana, averaged 
over depth intervals of 1,000 feet. The average dissolved-solids con­
tent increased with depth to about 5,000 feet, where it was about 80,000 
mg/1. Below that depth it gradually declined to about 75,000 mg/1 at a 
depth of 9,000 feet. At 10,000 feet it averaged about 65,000 mg/1; and 
at 11,000 feet it was less than 40,000 mg/1. Data are not provided for 
water salinity at greater depth.
Myers and Van Siclen (1964, p. 248) describe changes in the 
salinity of formation waters with depth in Matagorda County, Tex. (fig. 
27), which follow trends similar to those in southern Louisiana. The 
water salinity is greatest, however, at depths between 6,000 and 8,000 
feet, where it exceeds 80,000 mg/1; and freshening below that depth is 
far more pronounced. At a depth of 12,000 feet the dissolved-solids 
content of water in the Frio Formation is about 5,000 mg/1.
The above examples of local and regional trends of formation-water 
salinity with depth give little indication of the extremely complex 
salinity distribution patterns in Neogene deposits that have been 
faulted and folded, and intruded by diapiric salt and shale. The 
salinity data in table A-l are based upon analyses of water samples 
collected from wells located on geologic structures where commercial 
accumulations of oil and gas occur. Salinity determinations show great
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diversity not only with depth but also with time, for samples collected 
from the same well at different dates, from the same depth interval.
Such diversity of water salinity is evident also in aquifers com­
partmentalized by faulting, and in which abnormally high fluid pressures 
occur. The dissolved-solids content and concentration of seven ion 
species are given in table 2 for water samples from geopressured aqui­
fers ranging in depth from 9,051 feet to 16,064 feet, in which the geo­
static ratio ranges upward from 0.51 to 0.92. These records indicate 
that rational interpretation of salinity data for formation waters is 
not possible unless the data are analyzed with specific reference to the 
structural, stratigraphic, and hydrologic setting from which the sample 
is taken, and to the date of its collection.
The effects of geologic structure on formation-water salinity are 
evident even in the depth distribution of fresh ground water in the 
most updip part of Neogene aquifer systems, where recharge from meteoric 
sources is effective. In southwestern Louisiana (fig. 28) every feature 
of the depth of occurrence of fresh water.-gives evidence of structural 
effects (Jones and others, 1954, p. 222-223).
Analysis of the effects of geologic structure on the salinity of 
formation waters, and of the structural and stratigraphic factors 
responsible, is most readily accomplished using electric logs (Jones and 
Buford, 1951). The geologic cross sections, figures 8, 9, 14, and 15 in 
this report, are based largely upon electric-log data; and much can.be 
learned from the logs, even at small scale. Approximate values for 
formation-water salinity can be computed from electric logs; table 3 
lists the data used in making the computations.
Table 2.— Geostatic ratio and composition of'formation water in geopressured aquifers of Texas and
____________Louisiana, northern Gulf of Mexico basin (records provided by Shell Oil Co., Houston. Tex.)
Depth Original Geostatic Dissolved Sodium Potassium Calcium Magnesium Bicar- Sulfate Halides as
(feet) Pressure
(psi)
1/
Ratio
Solids
(mg/1)
(mg/1) (mg/1) (mg/1) (mg/1) bonate 
(mg/l)
(mg/1) Chloride 
(mg/I)
12,992 11,960 0.92 92,000 38,000 520 4,300 580 700 260 52,300
10,400 10,400 0.87 98,000 38,000 200 1,200 200 1,100 26 56,700
12,500 10,500 0.85 99,000 36,000 200 1,100 200 1,200 27 56,600
11,106 9,030 0.81 111,000 40,000 320 2,700 360 500 -- --
10,082 8,000 0.79 55,000 19,000 130 1,100 200 3,100 82 30,200
10,875 8,110 0.74 41,000 15,000 100 340 60 2,900 700 21,600
10,401 7,700 0.74 146,000 46,000 320 6,700 600 -- 100 76,000
10,870 7,900 0.73 136,000 43,000 • 500 5,400 700 400 53 73,000
12,552 8,690 0.69 175,000 63,000 540 6,100 700 300 -- 98,000
16,064 9,600 0.60 93,000 30,000 480 4,200 300 200 10 53,500
9,051 5,000 0.55 14,000 4,800 30 290 60 600 60 7,700
11,000 5,950 0.53 66,000 24,000 100 1,300 300 1,400 25 38,200
12,200 6,500 0.54 97,000 36,000 220 1,300 300 1,000 -- 55,500
11,200 5,830 0.52 72,000 26,000 210 1,100 200 100 12 40,900
10,500 5,440 0.52 100,000 35,000 210 1,600 400 800 -- 57,000
13,000 6,600 0.51 45,000 16,000 100 560 100 600 -- 26,000
Gulf of Mexico water 2/ 35,800 10,970 429 423 1,324 147 2,750 19,770
psi = pounds per square inch 
mg = milligram 
1 = liter
1/ The geostatic ratio is the ratio of the fluid pressure in an aquifer to the overburden load.
2/ Dale, K. B., 1914, Some chemical characteristics of sea water: Carnegie Institution of Washington, D.C.
v. 5, rept. 182.
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Figure 28.— Depth of occurrence of fresh ground water in the updip part of Neogene deposits in southwestern 
Louisiana (Jones, Turcan, and Skibitzke, 1954).
Table 3.— Formation-water salinity calculated from electric log of Rio Farms, Inc., well no. 1, Standard 
Oil Go. of Texas, Hidalgo County, Tex. (R. P. Alger, Schlumberger Well Surveying Corp. written- 
__________communication. 1966)_________________________________________________________________________
Depth
(feet)
SP e 
mv + (feet)
Ri/Rm SPc 
mv (+)
Rmf/RW
e
Rmf
(ohm/m)
Rw
(ohm/m)
Rw
(ohm/m)
Fm
Temp
°C
Dissolved 
Solids 
mg/I
13,870-81 10 11 40 12 0,77 0.137 0.165 0.27 136 4,600
14,324-34 6.5 10 35 8 .83 .133 .16 0.26 140 4,500
14,817-32 5 15 40 5.5 .88 ..129 .147 0.23 146 5,600
15,325-65 5 40 ? (est) 6 .87 .123 .14 0.22 154 4,800
16,000-15 5.5 15 35 6 .87 .115 .13 0.20 160 5,000
16,135-44 11 9 30 15 .72 .115 .16 0.27 160 3,500
16,250-85 14 35 -- 14 .74 .114 .154 0.26 161 3,800
SP = Spontaneous Potential (millivolts) in borehole fluid at depth indicated 
e = bed thickness, feet 
Ri = resistivity (ave.) of mud-invaded zone (ohm-meters)
Rm = resistivity of mud fluid (ohm-meters)
SPc = corrected spontaneous potential (millivolts)
Rmf = resistivity of mud filtrate (ohm-meters)
Rwg = effective resistivity of sodium, calcium, magnesium brine (in comparison to resistivity of sodium 
chloride brine of same dissolved solids, in ohm-meters)
Rw = resistivity of interstitial water (ohm-meters)
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Salinity determinations for water in aquifers penetrated by this 
well, shown as well 3 on the geologic cross section, figure 15, page 29, 
agree well with the salinity of a water sample collected from a depth of 
12,858 to 12,903 feet in well 5 on this same section. That sample had a 
sodium chloride content of 4,000 mg/1 (J. H. McElroy, The Texas Co., 
written communication, 1968). Water flowing to the pit from a depth of 
10,977 to 10,978 feet, from an oil test well located much closer to well 
3, had a dissolved solids content of 7,750 mg/1, by chemical analysis.
Its sodium chloride content was reported as 6,957 mg/1 (Jordan Labora­
tories, Corpus Christi, Tex., June 2, 1967).
Price (1936, p. 274) attempted to use salinity patterns in Neogene 
deposits to map structure in the Corpus Christi area of Texas. Russell 
(1961, p. 1930-1932) made a comprehensive study of water-resistivity 
distribution (as an equivalent of salinity) in the Denver basin, and 
concluded that known principles of interpretation are not adequate to 
explain the patterns observed. A. T. Hingle, Jr., of the Mobil Oil Co., 
Houston, Tex. (oral communication, 1967) finds that salinity of aquifer 
waters commonly reflects geologic structure in the Tertiary deposits of 
the Texas Coastal Plain, but that no consistent patterns of concentra­
tion ranges can be defined. After a structure has been mapped by other 
methods, water-salinity distribution is seen to reflect it— but in no 
usable diagnostic way.
Diagenesis of formation waters.— The term diagenesis is defined (Glossary 
of Geology and Related Sciences, Am. Geol. Inst., 1960, p. 80) as "the 
chemical and physical changes that sediments undergo during and after 
accumulation, but before consolidation takes place." De Sitter (1947,
64
p. 2030) has extended this definition to include the processes by which 
sea water deposited with sediments develops the salinity and chemical 
composition of connate water, and this use of the term has been adopted 
by White (1965, p. 346).
Connate water was defined by Lane (1908, p. 503) as "water entrapped 
in the interstices of a sedimentary rock at the time the rock was depos­
ited. This definition was modified and the term restricted (Lane and 
Alter, 1941) to water that has remained since burial with the specific 
rocks in which it occurs, its chemical composition remaining unchanged. 
White (1965, p. 346) asserts that "Connate water, in Lane's sense, 
almost certainly does not exist." White's definition of connate water 
specifies only that "The water has been out of contact with the atmo­
sphere for an appreciable part of a geologic period," and further "it 
consists of the fossil interstitial water of unmetamorphosed sediments 
and extrusive volcanic rocks and water that has been driven from the 
rocks."
De Sitter (1947, p. 2040) recognized.two diagenetic phases in the 
development of connate water from sea water: (1) precipitation of 
magnesium, calcium, sulfate, and carbonate, and (2) concentration, with 
a gradual increase of magnesium and calcium ions. He suggests that ion 
exchange between pore water and clay-mineral particles may be responsi­
ble for the former; and that changes in the latter occur as a result of 
compaction of fine-grained sediments, which gives them the properties of 
a semipermeable membrane that (p. 2039) "allows water molecules to pass 
through but retards the salt ions." A few paragraphs regarding these 
processes have been excerpted from his paper, and are included in 
appendix C (p. Cl) of this report.
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The conditions necessary for diagenesis of formation waters, 
according to the phases of De Sitter, are nicely met in Neogene deposits 
of the northern Gulf of Mexico basin, although for reasons other than 
those given by De Sitter. These diagenetic processes are believed to be 
responsible for observed water-salinity distribution, as well as the 
composition of formation waters in the deposits, and they fulfill essen­
tial requirements of hydrodynamic theory presented later in this paper.
If one accepts the Gulf of Mexico as the source from which connate 
waters in Neogene deposits of the Gulf Basin were derived, and agrees 
that the salinity and composition of Gulf water have remained relatively 
constant during the past 20 to 25 million years, then diagenesis of 
formation waters on a grand scale is evident in these deposits. Figure 
25 (p. 54) shows that the salinity of formation water in deposits of 
middle to late Tertiary age in southwestern Louisiana is a function of 
depth of burial and sediment facies. Figure 26 (p. 56) shows further 
that the salinity of water in these deposits is a function of age also. 
Overburden load and temperature are functions of depth, and the relative 
resistance of sediments to compaction is related to sediment facies; age 
defines the length of time available for the compressive stress of the 
overburden load to accomplish the squeezing. Movement of connate waters 
through the rock environment is a necessary factor in their diagenesis.
Regionally and with depth, diagenesis of formation waters may be at 
widely differing stages in adjacent parts of depositional sequences.
This is clearly shown by the analyses of formation waters in table A-l, 
page Al.
Where normal hydrostatic conditions prevail (p. 31), a rather sys­
tematic depth-salinity relationship is to be expected. This relationship
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is evident in sedimentary sequences in which bed thicknesses are mea­
sured in tens of feet, areal extent of individual beds is measured in 
hundreds of square miles, and structural deformation does not effec­
tively interrupt the hydraulic continuity of aquifers. Such conditions 
are typical of the Frio Formation in Nueces and San Patricio Counties, 
Tex. (fig. 14, p. 27). Analyses of water from wells in the East White 
Point Field in San Patricio County (table A-l, p. A7) show a rather 
narrow range, in dissolved solids (73,570 to 86,940 mg/1) in the depth 
interval 3,998 feet to 6,740 feet. Except for magnesium, the concentra­
tion of principal ion species also is remarkably uniform. By comparison, 
dissolved solids in water from wells in the McAllen Ranch Field, Hidalgo 
County, Tex. (table A-l, p. A5) show a wide range (3,370 to 50,960 mg/1), 
in the depth interval 9,340 to 12,410 feet. In the latter area, 
regional normal faults of very large displacement effectively restrict 
the regional movement of water in aquifers. (See fig. 15, p. 29.)
Wherever abnormal fluid pressures (p. 33) occur in the Neogene 
deposits, the salinity and composition offormation water range widely, 
both areally and with depth. On first inspection there seems to be no 
orderly distribution of salinity in relation to any other parameter.
Table 2 (p. 60) shows the salinity and composition of water from geo­
pressured aquifers of Texas and Louisiana, with reference to depth of 
sampling point and original pressure. These data have been recalculated 
and in table 4 are expressed in terms of Gulf of Mexico water, to show 
more clearly the relative changes in composition.
Relative concentrations of ion species shown in table 4 indicate 
that both of the diagenetic phases defined by De Sitter have had an 
effect on the salinity and composition of water in geopressured
Table 4.— Composition of formation water in geopressured aquifers of Texas and Louisiana expressed in terms 
of the composition of Gulf of Mexico water (records provided by Shell Oil Co., Houston, Tex.)
Depth
(feet)
Original
Pressure
(psi)
Geostatic
Ratio
Ratio of concentration in formation water to
Mexico water
that in Gulf of
Dissolved
Solids
Sodium Potassium Calcium Magnesium Bicar­
bonate
Sulfate Halides as 
Chloride
12,992 11,960 0.92 2.59 3.5 1.2 10 .44 4.8 .10 2.6
10,400 10,400 0.87 2.76 3.5 .46 2.8 .15 7.5 .01 2.8
12,500 10,500 0.85 2.79 3.3 .46 2.6 .15 8.1 .01 2.8
11,106 9,030 0.81 3.12 3.7 . .75 6.4 .27 3.4
10,082 8,000 0.79 1.54 1.7 .30 2.6 .15 21 .03 1.5
10,875 8,110 0.74 1.15 1.4 .23 .80 .05 20 .26 1.1 .
10,401 7,700 0.74 4.10 4.2 .75 16 .45 .04 3.8
10,870 7,900 0.73 3.82 3.9 1.2 13 .52 2.7 .02 3.7
12,552 8,690 0.69 4.92 5.8 1.3 14 .52 2.0 5.0
16,064 9,600 0.60 2.62 2.8 1.1 9.9 .23 1.4 2.7
9,051 5,000 0.55 .39 .44 .07 .68 .05 4.1 .02 .39
11,000 5,950 0.53 1.85 2.2 .23 3.1 .23 9.5 .01 1.9
12,200 6,500 0.54 2.71 3.3 .51 3.1 .23 6.8 2.8
11,200 5,830 0.52 2.02 2.4 .49 2.6 .15 .68 2.1
10,500 5,440 0.52 2.81 3.22 .49 3.8 .30 5.5 2.9
13,000 6,600 0.51 1.26 1.47 .23 1.3 .08 4.1 1.3
Gulf of Mexico water 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
i
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formations for which analytical data are'presented. Concentration to 
almost 5 times the salinity of Gulf water, and dilution to 0.39 its 
salinity have occurred— but dilution is evident in only 1 of the 16 
samples. Dilution is accompanied by great relative loss of potassium, 
magnesium, and sulfate, and moderate relative loss of sodium, calcium, 
and chloride. Bicarbonate, on the other hand, shows relative enrichment 
by a factor of 4. Compositional changes reflect later stage diagenesis 
of De Sitter's phase 1, except for the low magnesium content.
Concentration effects evident in table 4 reflect both early-stage 
diagenesis of phase 1, and phase 2, salt filtering of water forced 
through clay sediments behaving as semipermeable membranes. Dissolved- 
solids concentration ratios of 2 to 3 are accompanied by calcium ratios 
of 2.6 to 10; and the highest calcium ratios (up to 16 times sea water) 
occur in samples having the .highest concentration of dissolved solids 
(ratios between 3 and 4.92). Dissolved-solids ratios are generally 
comparable to ion-species ratios of sodium and halides, as one would 
expect. There is no such relation for bicarbonate and sulfate; but the 
highest concentration ratios of potassium and magnesium, in spite of 
great loss, occur in samples having the highest dissolved-solids 
contents. Interpretation of these findings in terms of the hydrology of 
the deposits will require detailed knowledge of settings from which the 
samples were taken.
Perhaps the most comprehensive published review and’explanation of 
the origin and evolution of dissolved solids in saline waters in sedi­
mentary rocks is that of White (1965, p. 342-366). The phases of 
diagenesis identified by De Sitter (1947, p. 2040) are noted by White, 
and the processes and principles involved are elaborated. White
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reviews the processes in detail, in the light of the most reliable, 
complete, and up-to-date information.
The term "diagenesis" is used by White in the same general way as 
it was used by De Sitter. White follows De Sitter's "salt-filtering" 
concept, and states (p. 342) that "the evidence is now convincing that 
fine-grained sediments behave as semipermeable membranes, permitting 
selective escape of water and concentrating dissolved components in 
remaining pore fluids." He also defines the characteristics of 
"membrane concentrated" and "membrane filtered" waters, asserting that 
(p. 350) "fine-grained sediments are not equally permeable to all con­
stituents [of natural waters], because some ion species have greater 
mobility than others [and are] better able to escape through fine­
grained mineral membranes." White advances a hypothesis to illustrate 
the differential mobility of several ion species,- suggesting that 
salinities of formation waters lower than that of ocean water have been 
produced by membrane filtering of connate water, and salinities higher 
than that of the ocean are membrane-conce'ntrated connate waters. He 
states (p. 351) that:
Tentative conclusions based on this hypothesis, without 
regard for other possible dominating effects, are that sodium 
(Na+), bicarbonate (HCO^-), fluoride (F~),' iodide (I ), and 
borate are considerably more mobile than chloride (Cl-); 
magnesium (Mg ) is slightly less mobile, and calcium (Ca++) 
and sulfate (SO^ ) are much less mobile than chloride (Cl-).
No clear trend is evident for potassium (K+), lithium (Li+), 
ammonium (NH^) , and bromine (Br-) .
A possible factor of major importance suggested by large ion species
containing multiple large oxygen atoms, and iodine (I-)] sulfur (S ),
and (HS-), is that constituents "forming uncharged molecules may be
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relatively mobile and pass through or around fixed negative charges on 
surfaces of closely spaced cation-exchanging clay minerals."
Membrane properties of fine-grained (clay) sediments responsible 
for concentration of dissolved solids, where water is entering and 
passing through them under hydraulic gradients, are responsible also for 
osmotic forces (Glasstone, 1946, p. 651-683). These forces, which tend 
to drive water through clay beds into adjacent aquifers wherever a 
contrast in aquifer-water salinity occurs, must be reckoned an important 
factor in diagenesis of formation waters in Neogene deposits of the 
Gulf Basin. Water moves from the fresher to the saltier aquifer, and 
the effluent added to the more saline aquifer water is fresh water. 
Dilution of the saline water in the receiving aquifer must occur, and 
movement of diluted water will reduce the salinity of a larger volume of 
water in the "receiving" aquifer as a consequence of dispersion (Day, 
1956, p. 595). Concurrently, salinity of water in the "losing" aquifer 
will be increased as dissolved solids are left behind. Osmotic flow 
would tend to be short lived if its effects on formation-water salinity 
were not dissipated by movement of water along and away from the aquifer- 
clay bed interfaces.
Recharge of aquifer systems in sand-bed, clay-bed sequences 
exposed to precipitation or seepage from streams in the Gulf Coastal 
Plain provides a very large and continuously replenished source of fresh 
water to aquifers that dip gently Gulfward and extend deeply into the 
saline-water aquifer systems of the northern Gulf Basin. Blanket-sand 
aquifers of very great areal extent and excellent areal continuity 
contain fresh water from outcrop or subcrop to depths greater than 2,000 
feet (in some places, greater than 3,000 feet) in much of coastal
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Louisiana and Texas. Downdip, these fresh-watar aquifers are sand- 
whiched between or underlain by aquifers containing highly saline water. 
Conditions thus favor continuing diagenesis of saline formation waters 
beneath the margin of the Gulf Basin, accompanied by a continuing 
downdip movement of fresh meteoric water in regionally continuous 
aquifers, to replace fresh water drawn from them by osmotic flow to 
adjacent saline-water aquifers.
Fresh water added by osmotic flow to saline water aquifers must be 
discharged upward, updip, or both, according to relative resistance to 
flow along and across the beds. Downdip discharge is unlikely because 
of the great distance the water would have to move through tight clayey 
sediments before finally reaching the Gulf. Coupled with this movement 
in the coastal margin is upward (mainly updip) movement of water derived 
by compaction of fine-grained sediments that envelop the downdip exten­
sions of aquifer systems. Saline vrater thus derived enters coastal 
aquifer systems containing fresh water, as shown in figure 20 (p. 43). 
These waters join and undergo diagenesis as a consequence of dispersion 
during their movement along routes of escape to the Gulf of Mexico or 
tributary water bodies. Contributions to shallow aquifer systems may 
occur locally and intermittently as a consequence of induced seepage 
from coastal surface-water bodies intruded by Gulf water (Jones, Turcan, 
and Skibitzlce, 1954, p. 231 ; Bruington, 1967, p. 9).
TEMPERATURE
According to Strahler (1963, p. 369), radiogenic heat produced in 
the rocks of the outer 22 miles of the earth’s crust is more than suffi­
cient to supply all heat now escaping to the surface. Granitic rock 
produces about 7 times as much radiogenic heat as basaltic rock. Accord­
ing to Bogomolov (1967, p. 87), water "carries out the major role in the 
redistribution and subtraction of heat; the thermophysical properties of 
rocks are mainly determined by the liquid phase." He adds that "proper 
consideration of the inhomogeneities of the sedimentary layer, including 
the flowing medium, can facilitate the evaluation of the normal geo­
temperature field...."
Bogomolov (1967, p. 87) stresses that convective thermal conductiv­
ity (of rocks) is determined by the flow processes in the pores, includ­
ing free and impelled convection, and thermodiffusive and diffusive 
transportation. Therefore it is necessary to consider the continuity of 
the pore space and the mean dimension of the pores; and to evaluate the 
effects of diffusive transportation even in the "loose fixed" (film) 
water on mineral grains. Ray transportation of heat, on the other hand, 
is a function of the radiation and absorption of ray energy by the walls 
of the pores. Ray transportation of heat increases with temperature.
Studies of the heat conductivity of sedimentary rocks are reported 
by Zierfuss and van der Vliet (1956). Cores of sandstone and limestone 
partly or entirely saturated with fluid were subjected to differential 
temperature at either end, in a thermally controlled environment. The 
heat conductivity of dry sand also was measured. Results show that, for 
dry sand, heat conductivity gradually increases with bulk density 
(decreasing porosity). The opposite is true for fluid-saturated
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sediment samples because the presence of water in the pores increases 
heat conductivity (p. 2476).
In laboratory studies made by Zierfuss and van der Vliet, the test 
apparatus was designed to reduce the effect of macroscopic convective 
heat transport by adding heat at the top and cooling the bottom of test 
cores. Results of tests of 50 cores ranged from close to, to widely 
divergent from, theoretical data. The heat conductivity of limestone 
and very fine-grained sandstone cores increased with the porosity, but 
in a nonuniform way. The effect of permeability was apparent, and the 
authors state (p. 2482), "It is believed that the explanation of the 
influence of permeability lies in the occurrence of convective heat 
transport in the wider pores." In an effort to quantify their otherwise 
nondefinitive data, Zierfuss and van der Vliet decided to introduce into 
the numerical values the electric formation-resistivity factors of the 
cores tested. They reasoned that, by so doing, they would correct 
thermal-conductivity measurements for changes in porosity and cementa- 
.tion, which have a direct bearing upon convective heat transport.
Results obtained by this device were highly satisfactory, and their 
technique may be useful in field studies of convective heat flow in 
water-saturated sediments.
The temperature of the rock at any depth beneath the land surface 
is described by the geothermal gradient for the locality of interest. 
Geothermal gradients describe the change of temperature with depth, and 
are based upon temperature measurements made in boreholes. They may be 
expressed in degrees Fahrenheit per 100 feet of depth (°F/100 ft).
In young structural basins filled with unconsolidated sediments, 
the geothermal gradient generally decreases from basin margins, where
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consolidated rocks lie close to the land surface, towards parts of the 
basins where the thickness of unconsolidated deposits is greatest. This 
relationship is illustrated very well on the map (fig. 29) showing geo­
thermal gradients in southwestern United States (Nichols, 1947, fig. 1). 
Gradients range from 2.3°F/100 ft along the inner margin of the northern 
Gulf Basin to 1.2°F/100 ft above the axis of the Gulf Coast geosyncline 
where it underlies southern Louisiana. (See fig. 2, p. 7.)
Nichols' map was slightly modified by Moses in 1961, using new data 
obtained with glass maximum-reading thermometers in surveys made in old 
wells. Measurements made with this equipment were found to agree well 
with bottom-hole temperatures obtained during electric logging. Recent 
work by Ramey (1962, p. 427) on wellbore heat transmission, and by 
Schoeppel and Gilarranz (1966, p. 667) on the use of well logs to 
evaluate regional geothermal gradients, show that "maximum logged tem­
peratures, when properly recorded, provide better basic data than previ­
ously realized."
According to Schoeppel and Gilarranz (p. 667), studies associated 
with geothermal gradients have shown that:
1. The gradient as determined from boreholes does not necessarily 
extrapolate back to the mean surface temperature.
2. Correlations of decreasing porosity with higher thermal gradi­
ents can be explained by differential compaction of sediments 
by tectonic forces (Maxwell, 1964, p. 697).
3. The spatial distribution of temperature in an aquifer is 
significant in relation to the aquifer's flow characteristics.
4. Reservoirs having high original pressures are usually associ­
ated with geothermal highs.
CONTOUR VALUES ARE IN 
DEGREES PER 100 FEET
MEAN SURFACE TEMP. = 74° F.
Figure 29.— Geothermal gradients in southwestern United States (Nichols 
1947).
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5. Low geothermal gradients may exist over basin or platform- 
located oil reservoirs.
In the concluding paragraphs of their paper, Schoeppel and 
Gilarranz (p. 672) state that "a theoretical analysis of the mud temper­
ature buildup in the bottom of a rather deep well after circulation of a 
drilling fluid shows that the. logged temperature measurement can be 
expected to be within 5 percent of the formation temperature."
Investigations of subsurface temperatures made as a part of this 
study are based entirely upon bottom-hole recordings during borehole 
logging operations. Temperature logs were used only incidentally, in an 
effort to verify changes in geothermal gradient indicated by successive 
bottom-hole temperatures in the same hole, measured when drilling was 
interrupted for logging purposes. The disadvantages of temperature 
logs, as described by Guyod (1946, pt. 5, p. 32), led to this course.
Preliminary study of temperature data for 20 wells in the lower Rio 
Grande embayment suggests that geothermal gradients shown on Nichols' 
map (1947) were based upon conditions above a depth of about 8,000 feet. 
Observed temperatures at greater depth are considerably higher than his 
map would indicate. Whether the departures are related to structural 
causes, to salt diapirs, or to sediment-facies distribution is of great 
interest and importance, but control data on temperature and information 
on structural conditions in the lower Rio Grande embayment are not 
adequate for an answer to the question at this time.
Review of temperature data for deep wells in Matago'rda and Victoria 
Counties, Tex., suggested that large geothermal anomalies could be 
expected in this part of the Texas Coastal Plain. A temperature of
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525°F had been recorded at a depth of 19,222 feet in a well in Matagorda 
County (Hough and Couvillion, 1966, p. 142-158); this shows that the 
average geothermal gradient here is 2.34°F/100 ft instead of the 
1.7°F/100 ft indicated by Nichols (1947, p. 44). Bleakley (1965, p. 70- 
74) reports similar conditions in nearby parts of Victoria and Brazoria 
Counties, Tex.
Accordingly, geothermal-gradient plots were prepared for some 200 
wells in the south-central part of the Texas Coastal Plain using bottom- 
hole temperatures measured at successively greater depths, recorded on 
electric-log headings. Subsurface temperature conditions were described 
by mapping the depth at which a temperature of 250°F was indicated on 
the geothermal gradient plot for each well (fig. 30).
Although the scatter of well control in the area of study leaves 
much to be desired, the map shows clearly the effects of major struc­
tural features. The central part of the map, the area enclosed by the 
10,000- to 12,000-foot 250°F isotherms, is a structural high (fig. 13, 
p. 26) caused by uplift Gulfward from the Vicksburg flexure, evidenced 
by a major fault downthrown landward in the northwestern part of Refugio 
County, Tex. This structural high is associated with a broad stable 
area to the southeast where no regional faults occur. The most pro­
nounced effects of geologic structure on the geothermal regime of the 
area are shown in the coastal belt, where the top of the Frio lies at 
depths greater than 5,000 feet and dips steeply Gulfward. In this belt 
the deposits are intensely faulted, and vertical displacements of 300 to 
500 feet across faults are common. Halbouty (1967a, fig. 12, p. 24) 
shows no salt diapirs in this area, and most of the relief on the 250°F
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Figure 30.— Depth at which a temperature of 250°F has been observed in 
drilled wells (bottom-hole measurements), in the south- 
central part of the Texas Coastal Plain.
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isothermal surface must be attributed to variations in the effective 
conductivity of the sediments, as controlled by geologic structure.
The effect on the geotemperature regime of convective flow of heat 
in formation water is referred to above. The effects of structural down- 
warp or uplift upon contemporaneous deposition or erosion of sediments, 
and upon the history of compaction and release, of water from the fine­
grained component of sediments, have been profound. These effects, 
together with the occurrence and continuity of sand-bed aquifers in the 
deposits, play an important part in the distribution of geothermal heat. 
Any restriction of the upward flow of water causes a buildup of heat, 
evidenced as a geothermal high. The isogeotherms on figure 30 show the 
effects of structural features that influence ground-water flow. Areas 
of low geothermal gradients generally correspond to areas of subsidence.
There is no conformity between the published regional geothermal 
gradient map of Nichols (1947, p. 44, fig. 1) and figure 30. Isothermal 
lines joining points at which a temperature of 250°F occurs are referred 
to depth in figure 30, and these same lines are expressed in terms of 
the geothermal gradient they reflect. The 10,000-foot isogeotherm 
indicates the temperature difference between the land surface and that 
depth. If the mean surface temperature in the mapped area is about 70°
F, as is likely, then the net difference between the land surface and 
the 10,000-foot contour shown on figure 30 is 250-70=180°F; and the 
geothermal gradient along this isogeotherm is 1.8°F/100 ft. Regional 
differences in the geothermal gradient have great hydrologic signifi­
cance and can be used effectively in analysis of the hydrology of the 
deposits.
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Nonlinearity of Geothermal gradient:.— Plots showing bottom-hole temper­
atures at various depths, made in connection with preparation of figure 
30, indicate that geothermal gradients in Neogene deposits of the 
northern Gulf Basin range from 0 to 6°F/100 ft, and are effective for 
depth intervals of several hundred feet. These gradients have been 
examined with reference to the lithology of sediments penetrated in a 
number of wells, for the depth interval over which they occur, using the 
electric logs of the wells. Temperature data for depth increments in 
which the sediments were predominantly sandy, and for increments in 
which they were predominantly shaly, were compared. Good correlation is 
apparent between geothermal gradient and sediment type. A low geo­
thermal gradient (high thermal conductivity) is characteristic of sandy 
deposits, and a high geothermal gradient (low thermal conductivity) is 
characteristic of shaly deposits. These observations conform with those 
of Guyod (1946., table 2, p. 8; and fig. 4-4, p. 30). To enable the 
reader to study these relationships, bottom-hole temperatures are shown 
alongside electric logs at appropriate depths on the geologic cross 
sections in this report, figures 14 (p. 27) and 15 (p. 29). These data 
may be used to calculate the geothermal gradient in the depth interval 
between them, for comparison with sediment type. As an example, the 
data for well 4 on figure 14 at depths just above and just below 8,000 
feet, for sediments indicated by the electric log to be mainly clay, 
show a temperature difference of 5°F over a depth interval of 500 feet. 
The geothermal gradient for the depth interval is 1°F/100 ft. In the 
predominantly sandy deposits between depths of about 7,000 and 8,400 
feet penetrated by well 29 on figure 14, there is a temperature differ­
ence of 5°F; The geothermal gradient is about 0.36°F/100 ft. Both
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examples refer to sediments in which hydraulic-head conditions are 
normal (p. 31).
Geothermal gradients in sediments having abnormally high fluid 
pressure (p. 33) range widely with depth in the same well. Changes in 
the hydraulic flux are accompanied by comparable changes in the heat 
flux: steepening of the hydraulic gradient upward from geopressured
zones toward deposits under normal hydrostatic pressure is accompanied 
by steepening of the geothermal gradient. Mr. C. E. Hottman of the 
Shell Oil Co., the author of U. S. Patent 3,330,356, dated July 11,
1967, entitled "Apparatus for Using a Source of Energy from an Over­
pressured Formation," called the attention of the writer to this 
phenomenon in 1966. Temperatures recorded for geopressured reservoirs 
in southern Louisiana generally conform with this distribution pattern. 
(See table A-2, p. A8.)
Thick beds of sand commonly occur near the top of geopressured 
zones, where they are overlain by thick, low-permeability beds of shale. 
Convective heat flow in the permeable beds overheats the lower part of 
the overlying shale sequence and causes steep geothermal gradients in 
them. Such conditions are shown by the records for well 10 on figure 
15 (p. 29). In this well the temperature at a depth of 12,200 feet was 
220°F and at 13,200 feet, 282°F. The deposits in this depth interval 
are thick clay beds, and the geothermal gradient is 6.2°F/100 ft.
Below 13,200 feet, extending to a depth of 15,100 feet, the deposits 
are almost entirely of sand, in massive beds. The temperature at 
15,100 feet is 282°F, exactly the same as at 13,200 feet; the geothermal 
gradient is 0°F/100 ft. The upward loss of water from the massive sand 
sequence is at an infinitesimal rate, and the loss of geothermal heat
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has been reduced accordingly, to that which con be carried by conduc­
tion. Convective heat flow presumably is responsible for having equal­
ized the temperature throughout the sand sequence. The geotemperature 
regime of Neogene deposits in the northern Gulf Basin reflects their 
hydrology, and their hydrology reflects geotemperature.
Effects of temperature on hydrology of sediments.— Changes in the 
viscosity and density of water with temperature are critical factors in 
the hydrology of aquifers. Water salinity also has important effects on 
hydraulic aspects of ground-water flow. These three factors— the 
viscosity, temperature, and dissolved-solids content of water— are 
interrelated one with another as shown on figure 31. Changes of water 
density with dissolved-solids content are shown in table A-l, p. Al.
According to the curves, on figure 31, fresh water at a temperature 
of 200°F has the same viscosity as a concentrated brine at 350°F, with a 
dissolved-solids content of 240,000 mg/1. At 200°F, fresh water is 40 
percent less viscous than that brine. These curves show also that, as 
temperature rises, the effect of temperature in_reducing viscosity 
decreases; and contrasts in the viscosity of waters of different 
salinity also decrease. In practical terms, a well flowing salty water 
having a dissolved-solids content of 240,000 mg/1 at a temperature of 
200°F with a specific capacity (yield per unit of drawdown of head) of 
100 gallons per minute per foot (gpm/ft) of drawdown would, if the water 
were to become fresh, have a specific capacity of 166 gpm/ft, other 
factors remaining the same.
No data on viscosity are available for water at a temperature 
higher than 350°F. Aquifer temperatures range upward to more than 500°F
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Figure 31.— Relation between the viscosity, temperature, and dis­
solved solids content of water (Pirson, 1963, fig. 4-6).
in the Neogene deposits, and there is need for study of the relations 
of parameters shown in figure 31 at higher temperatures.
In summary, the geotemperature regime of Neogene deposits in the 
northern Gulf of Mexico basin is a complex function of their hydrology, 
being dependent upon sediment-facies distribution, structural deforma­
tion, sediment-compaction history, and related hydraulic functions of 
aquifer systems. Formation water, moving upward and toward the basin 
margin, as sediments are compacted and their porosity reduced, is the 
dominant agent in the distribution of radiogenic heat entering Neogene 
deposits from below. Locally, and perhaps regionally, heat from 
diapiric salt masses alters the geotemperature regime, but its effects 
are secondary.
HYDRODYNAMICS
Hydrodynamics is defined (Webster, 1963, p. 407) as "a branch of 
science that deals with the motion of fluids and the forces acting on 
solid bodies immersed in fluids and in motion relative to them." The 
fluid under consideration is water; the forces under consideration are 
(1) gravitational, (2) thermal, (3) chemical, (4) electrical, and (5) 
molecular or ionic.
Conventional analysis of the hydrodynamics of ground-water systems 
is based entirely upon measurements and interpretations of the distribu­
tion of potential energy in the earth's gravitational field. As stated 
by Hubbert (1953, p. 1958), "Since the. pore spaces of the rocks form a 
three-dimensional interconnected network, those rocks are to some degree 
permeable to the flow of water. Ultimate equilibrium of water would 
therefore occur only if the upper surface of the ground water, or more 
strictly the water table, were a horizontal surface." Fresh water is 
repeatedly or continuously added to ground-water systems where the land 
surface is high, the potential-energy distribution is never at equilib­
rium, and a general ground-water circulation is maintained.
In the foregoing sections on Hydraulic Head (p. 31) and Salinity 
(p. 50), conditions have been described which have a direct bearing upon 
the hydrodynamics of ground-water flow in Neogene deposits of the north­
ern Gulf Basin, as a function of gravitational forces. The interplay 
and effects of these, forces are nicely described in the following 
excerpt from Hubbert's paper "Entrapment of Petroleum Under Hydrodynamic 
conditions," referenced above (Hubbert, 1953, p. 1958):
...If the ground water is of constant density and in motion in 
one region of underground space, it must also be in motion
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throughout all (of the region) not isolated by impermeable 
barriers. If, on the contrary, the water is inhomogeneous and 
consists of different bodies of contrasting density, such as 
fresh water and salt water, it is possible for one kind of 
water, say fresh water, to be flowing while a contiguous body 
of salt water remains in hydrostatic equilibrium....Fresh water 
at whatever depth, unless isolated by impermeable barriers, 
should be in some degree of motion...(and) the occurrence of 
fresh or brackish water underground is presumptive of a dynamic 
state. Saline water, on the contrary, may or may not be in 
equilibrium.
In considering the potential energy of a unit mass of water at any 
point in the region of its occurrence, one must select standard or 
reference conditions. If sea level is the reference elevation and 1 
atmosphere the reference pressure, then the potential energy at a point 
is "equal to the work required to transport a unit mass of water from 
sea level and atmospheric pressure to the elevation and pressure of the 
point considered" (Hubbert, 1953, p. 1959). The potential energy at 
the point is then equal to the product, of gravitational acceleration and 
elevation, plus the quotient of the pressure observed (less 1 atmosphere) 
divided by the density of the water. The potential energy of water at 
any point in a ground-water system, with respect to a reference datum, 
is conveniently referred to as its head (p. 31).
As stated above, the occurrence of fresh or brackish water under­
ground is presumptive of a dynamic state. The energy potential varies 
in three-dimensional space, and the water is driven in the direction of 
decreasing potential. The driving force may be expressed as a force- 
intensity vector "which is the vector sum of two independent forces, 
gravity, and the negative gradient of the pressure divided by the 
density of the fluid" (Hubbert, 1953, p. 1962). The negative pressure- 
gradient vector is essentially vertical and the equipressure surfaces
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nearly horizontal, with pressure increasing downward. The force-inten- 
sity vector, however, can have any direction in space, and the flow can 
be from lower to higher pressure, from higher to lower pressure, or 
parallel to the equipressure surfaces. The difference in the energy 
potential between points along a force-intensity vector can be expressed 
as gradient in head.
Water flows in the direction of the force-intensity vector, and the 
relation between the flow vector at a given point and the force vector 
is expressed by Datcy's law, according to which the quantity of water 
flowing through a unit cross section of a rock varies directly with the 
gradient in head, other factors remaining constant. The actual quantity 
flowing through a unit cross section in unit time is governed by the 
viscosity of the water and a proportionality factor (permeability) which 
depends upon the geometry of the openings in the rock.
Hydrodynamics of Neogene deposits-.— The dominant direction of the force- 
.intensity vector in Neogene deposits of the northern Gulf of Mexico 
basin is upward, as stated by Dickinson (p. 33) and others (p. 37), in 
response to the ever-increasing weight of the overburden. Loss of 
porosity in fine-grained sediments is relatively rapid during early 
stages of burial, as there is no appreciable load-bearing strength in 
clay until its porosity is reduced to about 45 percent (p. 37). Accord­
ingly, there is a strong flush of water into the sand beds that offer 
avenues of escape. Early burial conditions of head in aquifers and 
adjacent clay beds, together with water salinity, appear in stage "A" 
on figure 32.
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The rate of drainage of compacting clav by interbedded sand varies 
with many factors (p. 37-41 above). There is no consistent relation 
between clay porosity and depth of burial, but porosity has generally 
declined to 45 percent or less when the deposits are between depths of
1,000 and 3,000 feet. The contribution of water expelled by compaction 
has progressed sufficiently to cause the salinity gradient shown in the 
lower aquifer of stage "A", figure 32. (See figs. 26 and 27, p. 56 and 
58.)
Effects of temperature.— Hydrodynamic forces attributable to thermal 
conditions are not well understood and cannot be given quantitative, 
evaluation at this time. A recent paper by Voellmy and Lauger (1966, 
p. 165-170) reports that the flux of water across an ion-exchange mem­
brane, for dilute salt solutions, is from the cold side to the hot side 
above a temperature of 38°C (126°F), and from the hot to the cold below 
this temperature. Dr. J. G. McKelvey of the Gulf Research and Develop­
ment Co., Pittsburgh, Pa., believes that clays and shales may behave in 
the same manner (written communication, 1966), and has stated that 
studies of thermal osmosis and thermal diffusion are. now in progress in 
the Company's laboratories.
Thermal effects on the density of water are responsible for hydro­
dynamic forces that produce convective flow in Neogene aquifer systems. 
This phenomenon is especially important in compartmentalized aquifer 
systems, where regional normal faults have cut through the deposits and 
displaced downward the Gulfward extremities of many sand-bed aquifers, 
as shown in stage "C" of figure 32. Where displacement has sealed these 
reservoirs (Dickinson, 1953, p. 423; and fig. 17, p. 34), hydrodynamic
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flow towards the Basin margin has been checked, and reservoir water is 
impounded.
In this setting a drastic change takes place in the geotemperature 
regime. A marked increase of the geothermal gradient in the shale beds 
immediately overlying the geopressured zone is noted, along with a 
marked decrease of the geothermal gradient in the sands within the zone. 
These observations lead to the following interpretations: As the tem­
perature rises in the geopressured zone, the viscosity of pore water in 
adjacent clay beds is progressively reduced, and its volume somewhat 
increased. With this water-viscosity decrease there is a concurrent 
effective permeability increase in the clay beds that bound the sand-bed 
aquifers of the geopressured zone. In consequence, the clay beds become
progressively less able to support the overburden load, and release more
and more of their pore water to the adjacent sand beds. The geostatic
pressure in the reservoir continues to increase and the temperature con­
tinues to rise, until an equilibrium distribution is approached.
Effects of diagenesis of clayey sediments.— Hydrodynamic forces result­
ing from changes in the mineral composition of Neogene deposits of the 
northern Gulf of Mexico basin are extremely important hydrologic factors. 
Perhaps the most important single chemical change is the diagenetic 
alteration of montmorillonite, which commonly comprises 40 to 65 percent 
of the clay at shallow depth (p. 15-19).
According to Powers (1967, p. 1241), diagenesis of montmorillonite, 
producing illite and mixed-layer clay minerals together with free pore 
water, begins at a depth of about 6,000 feet and is fairly complete at 
depths ranging from 9,000 to 12,000 feet. Temperature, rather than
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depth of burial, is probably the main factor responsible for diagenesis 
of montmorillonite (J. F. Burst, written communication, 1968). The 
distribution of head in aquifers and adjacent clay beds, shown in stage 
"B" on figure 32, suggests conditions expected to occur at depths of
4,000 to 6,000 feet in sediments under normal hydrostatic pressure, 
where discharge of expelled water at the Basin margin is favored.
The progressive decrease in the salinity of water with depth in 
geopressured aquifers is due in part to the salinity concentration 
mechanism described above, but it is believed to result mainly from the 
influx of fresh water produced by alteration of montmorillonite to 
illite. Water released by clay dehydration is fresh water, and its 
volume may be equal to 10-15 percent of the bulk volume of the clayey 
sediments. Diagenesis of clay thus provides recharge of nonmeteoric 
fresh water to deeply buried-Neogene aquifers in the Gulf Basin— mainly 
to their downdip extremities, because they pinch out downdip, and the 
pore water in clay at greater depth supports a greater overburden load.
Effects of electrical potential gradients.— Hydrodynamic forces attrib­
utable to electrical phenomena are perhaps even less well understood, as 
they apply to deeply buried sediments, than are the thermally Induced 
forces. The observation that a flow of water through sediments is 
accompanied by a flow of electric current was made and quantitatively 
evaluated more than 100 years ago (Glasstone, 1946, p. 1220). The fact 
that earth currents are an omnipresent phenomenon in sediments has been 
known for almost as long. However, the causes, potential gradients, and 
effects of natural earth currents on the hydrology of sediments of 
Neogene age in the Gulf Basin cannot be evaluated at this time. But
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they surely affect, directly or indirectly, the flow of water through 
the sediments, especially in those fine-grained sediments whose parti­
cles carry an electric charge and have large ion-exchange capacity. 
Perhaps the most important electrical effects are those attributable to 
the streaming potentials produced by the flow of water through fine­
grained sediments, which vary directly with pressure (J. G. McKelvey, 
written communication, 1966a; see Appendix, page C4).
Effects of osmotic pressure’gradients.— The processes that produce the 
head and salinity distributions shown in figure 32 are dynamic processes. 
If unchecked, they would rapidly drain the deposits to equilibrium com­
paction. But the semipermeable-membrane characteristic which causes 
concentration of water salinity at the top of the geopressured reservoir 
(stage "C") gives rise to osmotic forces that check, and may even 
reverse, the flow. Osmosis (Glasstone, 1946, p. 651) is defined as 
"the spontaneous flow of water into a solution, or from a more dilute to 
a more concentrated solution, when separated from each other by a suit­
able membrane" (fig. 33). According to Glasstone (1946, p. 654) the 
osmotic pressure at constant temperature is almost directly proportional 
to the concentration differential; and for a given concentration differ­
ential, it increases with the absolute temperature. And (p. 663), equal 
numbers of molecules of different solutes dissolved in the same volume 
of solution give the same osmotic pressure, at the same temperature.
Because the effectiveness of clay as a semipermeable membrane for 
hyperfiltration of ion species from water passed through it varies 
inversely with the concentration of the salt solution (E. A. Berry, oral 
communication, 1968) osmotic forces probably are not proportional to
Figure 33.— Osmosis cell, illustrating the mechanism of flow induced by differential salinity of water 
across a clay membrane.
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salinity (concentration) differentials for high salinities (say above
200,000 mg/l). But until quantitative experimental data are available 
to support this observation, the curves in figure 34 may be used. These 
theoretical curves apply for ideal conditions and perfect semipermeable 
membranes, but they have been found quite representative of real condi­
tions in the few laboratory tests for which data are available. Dr. 
McKelvey (written communication, 1966a) reports that:
We have measured the hydraulic permeabilities of com­
pacted Wyoming bentonite plugs having a porosity range of 20% 
to 45%. Over this range, the permeability varies from 10-^md 
[millidarcy] to 2 x 10“^md with a regular decrease in perme­
ability with decreasing porosity. In a limited number of 
cases, we have also measured osmotic pressures generated 
across these plugs by salt solutions of various concentra­
tions. In general, the generated osmotic pressures are within 
95% of the calculated theoretical pressures; i.e., a one 
normal sodium chloride solution versus fresh water yields an 
osmotic pressure of 690 psi. Since experimental errors tend 
to reduce the measured values, it is probably safe to assume 
that, under our laboratory conditions, the clay acts like a 
perfect semi-permeable membrane. Wat.er flow under an 
osmotic gradient appears to be identical to water flow under 
an equivalent pressure gradient.
Berry (1959) considers subsurface pressure anomalies in the San 
Juan basin in New Mexico to be the result of osmosis, which in that 
setting produced a markedly reduced pressure— far less than hydrostatic 
for the depth of occurrence. Zen arid Hanshaw (1964, p. 232-233) 
suggest that osmosis is a possibly important cause of the high pore 
pressures responsible for flotation of overthrust fault sheets, citing 
occurrences of anomalous water pressures up to 400 atmospheres above 
hydrostatic, measured in oil wells where shales separate formation 
waters of differing salt concentrations.
The osmotic efficiency and flow characteristics of fine-grained 
natural sediments having a moderate content of clay was tested by Young
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and Low (1965, p. 1005-1007). They found that clayey siltstone cores 
cut from the Lower Cretaceous Viking Formation of central Alberta,
Canada, at a depth of about 5,000 feet, served as effective, if imper­
fect, semipermeable membranes. (See fig. 35.) The rock discs were 8 to 
12 percent of clay-size material, 40 to 50 percent of which was illite, 
30 to 40 percent kaolinite, and remainder montmorillonite. Traces of 
pyrite and organic matter were present. Osmotic flow occurred through 
the discs cut from the cores for a long time, with little apparent 
decrease in efficiency, and flow was reversed by reversing the water 
salinity concentration differential. The osmotic pressure generated 
was far less than the theoretical, probably because the clay content of 
the siltstone was not sufficient to prevent back leakage through micro­
cracks in the discs.
In the northern Gulf of Mexico basin the beds of clay that form the 
semipermeable membranes are soft and plastic, and where they are more 
than a few tens of feet thick they should be highly efficient— that is, 
as effective in filtering out salt ions as a perfect semipermeable 
membrane. The great contrasts in water salinity above and below them in 
normal hydrostatic aquifer systems, and the great pressures they are 
able to confine in the geopressured systems, give evidence of this high 
efficiency. But field and laboratory tests will be necessary before 
quantitative evaluation of this important aspect of the ground-water 
hydrology can be made. The writer believes that osmotic flow is a 
dominant factor in the hydrology of regional aquifer systems in the 
northern Gulf Basin— both normally and abnormally pressured.
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A. Distilled water against 58,500 mg/l NaCl
B. Distilled water against 58,500 mg/l NaCl, reversed flow
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1 8
1 6
12
10
8
6
4
2
8 0 1006 04 0200
C arlo . Sock, Gaol. Doph, LSU
T I M E  I N  D A Y S
Figure 35.— Osmotic flow through rock discs (Young and Low, i965) .
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increasing in general with depth of burial. Delayed drainage of sedi­
ments alters the geotemperature regime, producing anomalously high 
temperature. High pressure and high temperature cause mineralogic 
changes in the clay minerals, reducing their swelling character and 
load-bearing strength, and increasing their effective porosity and 
permeability. Intracrystalline water released is fresh water, and the 
volume produced is equal to roughly half the volume of montmorillonite 
altered to illite and mixed-layer clay. Where released intracrystalline 
water enters, aquifer water is freshened. Where aquifers are over­
pressured and cannot receive this water, it remains in the pores of 
adjacent clay beds, available for influx when pressure is reduced.
Fresh water may be produced at great depth by hyperfiltration of 
saline water, as well as by alteration of montmorillonite. Here again 
clay-mineral properties play the key role, for they cause clay beds to 
act as semipermeable membranes. Compartmentalization of sand-bed 
aquifers causes abnormally high interstitial fluid pressure, and saline 
water in such aquifers escapes into overlying normally pressured 
aquifers only by passing through clay beds that separate them. In this 
process the dissolved solids are held back, and effluent water is 
freshened. Where it enters overlying aquifers filled with salty water, 
it freshens them. If the volume of fresh water produced in this way is 
large, parts of deep aquifers can be filled with fresh or brackish 
water.
The property of clay responsible for hyperfiltration of dissolved 
salts is responsible also for osmotic forces, which tend to drive water 
through clay beds from less saline to more saline aquifers.
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Osmotic forces develop early in the hydraulic history of abnormally 
pressured aquifer systems, and greatly reduce the effective permeability 
of clay bed seals by opposing the flow of water through them. They may 
result in the preservation of geopressure for millions of years.
The energy field in the deposits is hydrodynamically and thermally 
intense. It offers possibilities for large-scale development of both 
the water resource and the energy potential. Fresh or brackish super­
heated water in geopressured formations could be produced from wells 
deeper than 10,000 to 14,000 feet in some parts of the Basin, the heat 
and pressure being used to pump and distill salty water from aquifers at 
shallow depth. Superheated salty water could be produced from deep 
geopressured aquifers throughout most of the Gulf-marginal belt, for 
self desalination, thermal power, or steam flood of pressure-depleted 
petroleum reservoirs.
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APPENDIX A
Tables of Chemical and Physical Properties 
of Water in Aquifers
Table A-l.— Chemical and physical properties of water from aquifers sampled by oil-test and production wells
(chemical determinations in milligrams per liter— analyses by Shell Oil Co.)
Well
No.
Sample Depth 
(feet)
Date Dissolved 
Solids 
(me/I)
Sodium + 
Potassium
Calcium Mag­
nesium
Bicar­
bonate
Sul­
fate
Halides
as
Chloride
pH Specific
Gravity
CAMERON PARISH, LOUISIANA BLACK BAYOU FIELD
1 4272-4310 4/61 115,731 41,526 2,678 681 143 2 70,686 6.9 1.084
2 4802-4825 11/61 184,729 60,232 9,591 1,260 136 0 113,477 6.0 1.130
3 5957-5966 1/59 123,106 44,187 2,338 1,078 176 22 75,299 7.2 1.0893
4 6436-6474 9/61 224,559 61,775 . 19,620 2,244 678 276 138,180 5.8 1.159
5 6682-6728 7/60 132,884 47,309 3,314 800 306 212 80,849 6.7 1.091
6 7160-7316 8/62 235,998 76,054 12,980 1,601 83 102 145,002 5.4 1.130
7 7439-7608 12/62 306,136 108,342 9,366 1,202 146 82 186,990 6.6 1.205
8 7757-7772 1/59 102,780 37,093 2,035 631 856 44 62,113 7.25 1.0742
8 7757-7772 4/61 109,023 39,486 2,896 91 398 65 66,045 6.7 1.079
9 7916-7924 4/61 226,482 81,097 11,664 2,122 147 34 131,376 5.05 1.151
10 7920-8026 2/58 293,044 86,703 22,500 2,489 80 547 180,540 4.60 1.198
10 7920-8026 1/59 276,623 81,394 23,252 1,249 133 53 170,377 4.85 1.197
10 7920-8026 7/60 263,765 77,656 20,358 2,482 34 5 163,116 4.4 1.174 ■
10 7920-8026 2/61 260,398 77,642 19,459 2,261 109 0 160,816 5.35 1.181
10 7920-8026 4/61 251,099 74,033 20,390 1,572 46 0 154,938 4.55 1.182
11 8012-8032 2/62 233,337 73,230 14,586 1,662 140 0 143,616 5.6 1.162
12 8024-8048 1/59 128,052 43,176 4,980 1,078 501 36 78,249 6.65 1.095
12 8024-8048 4/61 126,289 42,555 5,062 978 420 22 77,212 6.55 1.090
13 8021-8082 10/58 230,701 73,059 13,618 2,032 296 34 142,578 5.80 1.157
14 8220-8235 1/59 261,954 77,951 19,095 2,064 159 169 161,702 5.1 1.184
15 8385-8398 ■ 7/60 227,289 71,657 12,900 2,335 231 22 140,067 5.2 1.143
15 8385-8398 2/61 239,055 73,515 15,820 2,069 179 0 147,384 5.6 1.165
15 8385-8398 . 4/61 211,280 67,948 11,669 1,541 170 134 129,770 5.4 1.151
15 8404-8420 5/60 202,458 65,888 10,189 1,668 180 0 124,465 5.3 1.135
15 8442-8450 1/59 295,620 93,340 18,338 1,828 362 174 181,481 4.5 1.203
16 9030-9078 5/60 128,730 46,069 2,880 888 116 0 78,721 7.1 - 1.081
>
Table A-l.— Chemical and physical properties of water from aquifers sampled by oil-test and production wells
— Continued (chemical determinations in milligrams per liter— analyses by Shell Oil Co.)
Well
No.
Sample Depth 
(feet)
Date Dissolved
Solids
(mg/1)
Sodium + 
Potassium
Calcium Mag­
nesium
Bicar­
bonate
Sul­
fate
Halides
as
Chloride
pH Specific
Gravity
CAMERON PARISH, LOUISIANA DEEP LAKE FIELD
1 6936-6962 4/61 88,454 31,978 1,759 544 235 0 53,907 7.05 1.065
2 6944-6950 4/62 91,059 29,658 2,257 185 146 10 55,000 7.2 1.063
3 7162-7177 4/61 835 161 43 13 46 5 464 5.6 1.001
CALCASIEU AND JEFFERSON DAVIS PARISHES, LOUISIANA IOWA FIELD
1 4445-4460 3/60 122,985 44,398 2,293 933 122 0 75,205 6.8 1.092
1 4445-4460 4/61 119,540 42,914 2,743 707 157 0 73,007 7.1 1.082
2 4858-4865 4/60 92,932 33,010 2,235 694 190 5 56,782 6.95 1.076
2 4865-4875 4/61 87,051 31,271 1,973 492 264 9 53,015 7.0 1.063
3 5070-5080 4/61 119,464 42,683 2,853 725 336 0 72,828 7.05 1.084
4 5275-5285 4/60 122,034 43,065 3,129 966 75 0 74,760 7.1 1.097
4 5275-5285 ■ 4/61 114,572 40,789 2,660 855 267 0 69,972 6.95 1.083
5 5347-5355 6/51 122,013 43,344 . 4,056 78 266 128 74,072 7.3 1.083
5 5545-5585 6/50 78,970 28,631 1,867 189 619 93 47,570 7.2 1.050
6 6972-6984 4/60 102,520 36,002 2,575 944 323 0 62,656 7.2 1.082
6 6972-6984 3/61 100,034 35,163 2,853 660 290 0 61,047 7.15 1.071
7 9410-9476 2/54 38,948 14,419 612 55 632 16 23,162 6.85 1.027
8 9500-9503 4/61 20,382 7,155 407 169 410 , 0 12,138 6.25 1.016
9 9510-9520 4/60 41,927 14,935 1,386 286 442 8 26,166 7.25 1.033
10 9523-9533 4/60 80,022 28,200 2,168 517 710 5 48,416 7.00 1.067
10 9523-9533' 11/60 78,539 27,880 1,898 543 590 31 47,582 7.22 1.055 ■
10 9523-9533 4/61 76,240 27,008 2,231 285 613 37 46,053 7.00 1.056
11 9525-9546 4/61 53,544 19,603 922 194 854 0 31,952 . 6.95 1.038
12 9532-9538 4/61 91,402 31,966 2,896 479 509 24 55,514 6.90 1.066
13 9906-9915 9/60 64,267 23,158 1,356 279 506 19 38,800 5.58 1.047
14 10401-10411 4/60 167,113 55,332 7,841 1,157 177 47 102,500 6.00 1.102
15 10838-10855 4/61 178,687 57,119 10,468 803 189 62 109,956 5.75 1.133
16 10866-10896 11/60 1,076 273 45 0 68 42 552 4.50 1.001
Table A-l.— Chemical and physical properties of water from aquifers sampled by oil-test and production wells
■— Continued (chemical determinations in milligrams per liter— analyses by Shell Oil Co.)
Well
No.
Sample Depth 
(feet)
Date Dissolved
Solids
(mg/1)
Sodium + 
Potassium
Calcium Mag­
nesium
Bicar­
bonate
Sul­
fate
Halides
as
Chloride
pH Specific
Gravity
CALCASIEU AND JEFFERSON DAVIS PARISHES, LOUISIANA IOWA FIELD
17 10870-10890 11/60 108,875 36,176 5,108 712 330 31 66,448 5.85 1.081
17 10870-10890 4/61 121,338 4$,458 5,834 531 349 42 74,078 6.35 1.089
18 10874-10890 3/60 39,953 14,527 827 54 771 12 23,674 7.20 1.029
18 10874-10890 11/60 170,144 54,938 9,243 1,165 139 26 104,512 5.30 1.121
19 10878-10892 11/53 39,117 14,822 314 28 895 15 23,006 7.40 1.032
IBERIA PARISH, LOUISIANA LOISEL FIELD
1 12762-12780 3/62 533 95 13 5 60 0 267 4.7 1.000
1 12762-12780 .5/62 1,824 531 9 21 491 8 694 4.99 1.000
1 12762-12780 1/63 4,345 1,421 67 40 159 15 2,502 5.1 1.006
2 13055-13065 11/61 84,443 29,100 2,122 322 1,425 340 49,966 6.5 —
2 13055-13065 2/62 37,199 14,160 111 107 254 57 22,352 5.4 1.026
3 13093-13110 1/63 124,679 44,371 3,523 427 679 138 75,477 7.0 1.095
IBERIA PARISH, LOUISIANA BAYOU PIGEON FIELD
1 7926-7937 11/59 127,398 45,609 2,697 977 163 4 77,903 6.89 1.091
2 9154-9160 11/59 131,986 47,478 3,001 726 146 0 80,596 6.88 1.092
3 11317-11323 6/60 2,363 595 5 — 14 . 0 1,383 4.35 1.001
4 11546-11552 10/61 110,337 39,552 2,763 469 537 171 66,822 6.4 1.077
5 11549-11557 12/61 38,908 13,796 972 268 153 84 23,629 4.75 1.028
6 12262-12268 8/57 35,113 13,282 281 134 41 28 21,336■ 8.00 1.026
ST. JAMES PARISH, LOUISIANA LA PICE FIELD
1 7810-7834 11/59 147,575 53,187 2,762 1,175 119 8 90,289 6.8 1.097
1 8531-8543 9/49 129,321 50,130 332 305 204 98 78,246 6.95 1.095
1 9618-9648 7.52 87,110 32,186 1,568 175 415 59 52,635 7.00 1.065
2 9605-9616 9/49 85,786 32,521 367 322 1,774 227 50,554 6.9 1.099
3 9902-9907 1/53 59,474 21,564 1,349 152 568 . 169 35,650 7.5 1.073
>
(jO
Table A-l.— Chemical and physical properties of water from aquifers sampled by oil-test and production wells
— Continued (chemical determinations in milligrams per liter— analyses by Shell Oil Co.)
Well
No.
Sample Depth 
(feet)
Date Dissolved 
Solids 
(mg/l)
Sodium + 
Potassium
Calcium Mag­
nesium
Bicar­
bonate
Sul­
fate
Halides
as
Chloride
pH Specific
Gravity
ST. JAMES PARISH, LOUISIANA LA PICE FIELD
4 9997-10005 9/49 98,992 38,833 597 458 739 526 57,792 6.15 1.067
4 10044-10050 9/49 77,160 28,790 795 354 349 754 46,096 7.10 1.054
4 10145-10160 3/51 112,810 40,270 3,504 97 832 50 68,055 7.15 1.081
4 10309-10318 7/50 5,897 1,874 383 71 345 0 3,678 — —
5 10374-10384 6/58 78,372 29,044 1,302 79 1,342 39 46,540 7.15 1.054
5 10743-10750 9/49 2,964 787 0 106 353 285 1,288 6.25 1.001
5 10743-10750 4/53 70,762 25,533 1,662 ....154 982 ' 535 41,850 7.20 1.070
VERMILION PARISH, LOUISIANA BUCK POINT FIELD
1 14197-14213 2/63 1,212 120 134 2 502 34 284 5.9 1.001
2 14600-14630 2/63 55,606 20,009 1,249 147 603 276 33,152 7.5 1.041
3 15817-15832 6/62 185,655 56,772 13,532 837 321 7 113,816 6.25 —
4 16064-16079 1/63 91,207 30,822 . 4,460 80 356 8 55,461 7.4 1.079
HIDALGO COUNTY, TEXAS MC COOK FIELD
1 10852-10974 3/60 43,473 5,292 10,602 140 217 49 27,166 6.95 1.037
1 10852-10974 1/61 49,010 5,299 12,620 183 121 70 30,908 6.50 1.040
HIDALGO COUNTY, TEXAS JAVELINA FIELD
1 10257-10280 1/58 43,038 5,092 10,438 272 188 92 26,944 6.50 1.038
2 11160-11254 11/57 34,945 3,176 8,332 435 167 66 20,767 6.35 1.028 '
3 11281-11419 9/58 12,002 1,033 3,151 123 360 72 7,262 7.40 1.012
4 11756-11902 5/57 2,423 727 119 — 536 88 953 8.20 1.004
HIDALGO COUNTY, TEXAS MC ALLEN RANCH FIELD
1 2352-2783 2/66 14,505 4,150 540 43 146 7,400 2,190 8.40 1.016
2 2663-2749 1/65 23,675 7,716 1,070 — 122 4,000 10,767 8.30 1.018
3 9222-9266 4/66 39.947 7,575 7,300 122 — — 24,950 6.70 1.030
Table A-l.— Chemical and physical properties of water from aquifers sampled by oil-test and production wells
— Continued (chemical determinations in milligrams per liter— analyses by Shell Oil Co.)
Well
No.
Sample Depth 
(feet)
Date Dissolved
Solids
(ms/I)
Sodium + 
Potassium
Calcium Mag­
nesium
Bicar­
bonate
Sul­
fate
Halides
as
Chloride
pH Specific
Gravity
HIDALGO COUNTY, TEXAS MC ALLEN RANCH FIELD
4 9341-9356 4/66 35,828 6,360 7,000 61 77 22,330 6.42 1.029
5 9315-9226 1/65 47,219 4,947 7,725 111 157 11 29,245 5.90 1.035
5 10070-10119 7/65 27,868 7,052 3,419 79 262 — 17,023 6.20 1.022
5 10521-10838 1/65 21,850 7,233 1,174 — 277 17 13,095 6.35 1.016
6 9360-9380 11/62 44,861 7,728 8,679 239 296 41 27,810 6.70 1.034
6 10250-10320 11/62 27,892 7,774 3,892 143 740 — 15,338 7.25 1.024
7 9961-10117 4/66 23,946 5,950 3,100 61 — — 14,835 6.90 1.018
8 10447-10510 4/66 3,374 844 400 30 — — 2,100 7.89 1.004
9 10496-10601 6/66 12,220 4,000 700 30 — — 7,490 7.00 1.011
9 11359-11554 5/64 22,641 7,718 984 16 270 30 13,555 6.55 1.018
10 10586-10640 4/66 6,800 1,975 600 30 — — 4,195 7.40 1.007
11 10670-10751 7/65 22,983 7,314 1,409 16 233 10 13,968 6.20 1.01"
12 10748-10916 6/66 3,380 900 350 30 — — 2,100 6.91 1.002
13 10801-10883 6/66 29,610 4,880 6,150 61 — — 18,580 6.62 1.022
14 10821-10850 6/66 17,455 4,585 2,050 30 — — 10,790 6.95 1.015
15 10905-11006 4/66 31,454 9,000 3,000 61 63 — 19,330 6.82 1.024
16 10930-10994 4/66 15,595 2,875 2,950 30 — — 9,740 7.30 1.013
17 10993-11056 4/66 50,962 13,025 6,350 61 56 — 31,470 6.63 1.040
17 do. do. 7/64 47,384 12,309 5,611 112 81 — 29,221 5.60 1.036
18 11221-11414 6/66 9,805 3,375 400 30 — — 6,000 6.77 1.008
19 11338-11470 6/66 10,601 2,550 1,400 61 — — 6,590 6.92 1.010
20 11437-11615 6/66 13,992 2,590 1,200 61 — — 6,290 • 7.39 1.009
21 11515-11652 4/66 17,930 3,740 3,000 30 — — 11,160 7.13 1.015
22 11556-12090 6/66 3,165 1,035 150 30 — — 1,950 7.79 1.002
23 11744-11806 4/66 11,373 3,600 760 18 105 — 6,890 7.52 1.003
24 11774-11973 6/66 8,030 1,750 1,250 30 — — 5,000 7.24 1.006
25 11894-12157 6/66 20,301 4,950 2,700 61 — — 12,590 6.92 1.016
26 12070-12361 4/66 11,585 2,740 1,625 30 — — 7,190 7.14 1.010
Table A-l.— Chemical and physical properties of water from aquifers sampled by oil-test and production wells
--Continued (chemical determinations in milligrams per liter— analyses by Shell Oil Co.)
Well 
No.
Sample Depth 
(feet)
Date Dissolved 
Solids 
(mg/l)
Sodium + 
Potassium
Calcium Mag­
nesium
Bicar­
bonate
Sul­
fate
Halides
as
Chloride
pH Specific
Gravity
HIDALGO COUNTY, TEXAS MC ALLEN RANCH FIELD -
27 12142-12223 6/66 4,850 1,370 450 30 3,000 6.78 1.005
28 12356-12415 6/66 23,821 6.825 2,250 61 — — 14,685 7.19 1.019
JEFFERSON COUNTY, TEXAS ' CLAM LAKE FIELD
1 2387-2397 1/57 100,859 35,324 2,115 1,315 153 61,952 6.85 1.072
2 2430-2435 3/59 102,241 35,972 2,116 1,237 197 — 62,709 7.40 1.074
2 2715-2721 3/59 95,204 32,992 2,116 1,380 151 — 58,545 7.20 1.071
3 3795-3800 6/57 116,004 40,000 2,084 1,242 275 — 72,390 6.75 1.083
4 3800-3812 1/57 119,482 42,585 2,215 1,275 148 — 73,216 6.80 1.083
5 3828-3838 1/57 121,350 44,316 2,112 704 234 — 73,984 7.00 1.086
6 5582-5592 4/57 117,294 42,442 2,129 871 215 — 71,628 7.10 1.083
7 5824-5860 3/59 122,094 43,390 2,254 1,035 234 — 74,620 7.25 1.088
8 5862-5948 8/57 132,486 47,552 . 2,708 1,025' 151 — 81,026 6.90 1.094
9 5862-5868 6/57 121,021 44,077 2,080 802 134 — 73,914 7.25 1.083
10 5870-5882 7/58 117,223 42,516 2,141 784 150 48 71,536 7.15 1.084
11 5898-5902 2/63 114,139 41,462 3,050 48 94 176 69,279 8.55 1.080
12 5903-5920 1/57 118,142 42,999 2,000 800 407 — 71,936 7.20 1.083
13 5906-5920 3/53 109,661 39,800 1,770 586 815 — 66,500 6.52 1.078
13 do. do. 1/57 117,775 42,879 2,112 697 407 — 71,680 7.05 1.083
14 5908-5921 1/57 118,668 43,097 2,172 774 177 — 72,448 6.90 1.083
15 5912-5917' 7/58 128,101 46,517 2,303 858 201 — 78,200 7.70 1.092
16 5912-6464 1/57 62,984 21,288 2,085 745 349 116 38,400 7.20 1.089
17 5930-5948 6/57 119,314 43,440 2,120 752 206 - — 72,771 7.00 1.082
18 5943-5949 1/57 118,407 42,994 2,100 810 306 — 72,192 6.90 1.083
19 6110-6130 1/57 117,971 42,566 2,340 810 220 94 71,936 6.75 1.083
20 6416-6424 7/58 124,256 44,931 2,060 943 273 460 75,338 5.35 1.088
>
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Table A-l.— Chemical and physical properties of water from aquifers sampled by oil-test and production wells
:— Continued (chemical determinations in milligrams per liter— analyses by Shell Oil Co.)
Well
No.
Sample Depth 
(feet)
Date Dissolved
Solids
(mg/1)
Sodium + 
Potassium
Calcium Mag­
nesium
Bicar­
bonate
Sul­
fate
Halides
as
Chloride
pH Specific
Gravity
SAN PATRICIO COUNTY, TEXAS EAS1: WHITE POINT FIELD
1 3998-4008 4/65 76,060 26,209 2,477 666 175 46,560 6.85 1.054
2 4619-4623 5/65 85,689 29,836 2,740 555 168 — 52,380 6.55 1.060
2 5640-5647 11/56 81,550 29,790 1,239 586 197 6 49,730 6.70 1.061
3 4937-4939 11/56 84,113 30,761 1,193 635 221 6 51,269 6.90 1.062
4 4987-4992 4/65 76,674 26,566 2,427 586 221 — 46,851 6.50 1.055
5 4987-4992, 5/65 85,648 29,464 3,184 475 136 — 52,380 6.45 1.060
6 4996-5002 11/56 83,639 29,144 1,221 1,562 127 6 51,576 6.80 1.059
6 5620-5624 3/53 83,865 29,800 2,310 399 . 138 — 51,200 7.05 1.062
7 5581-5636 11/56 82,727 30,294 1,184 599 191 6 50,450 7.05 1.060
8 5603-5624 11/56 82,145 30,195 1,156 500 230 5 50,041 7.05 1.060
9 5605-5665 11/56 81.,603 29,972 1,166 533 191 6 49,734 7.05 1.060
10 5612-5655 3/53 83,074 29,500 2,360 393 200 — 50,600 7.17 1.061
10 do. do. 11/56 83,363 29,273 . 1,313 1,332 151 7 51,269 6.95 1.062
11 5627-5630 5/65 86,939 30,027 2,767 729 143 — 53,253 6.90 1.062
12 5865-5867 11/56 77,803 28,544 1,165 464 448 6 47,175 7.05 1.057
13 5939-5942 11/56 73,574 26,743 1,175 562 230 13 44,822 6.85 1.057
14 5939-5942 5/65 78,676 27,405 2,401 571 274 — 48,015 7.00 1.056
15 6736-6740 11/56 84,379 30,742 1.175 737 129 6 51,576 7.05 1.061
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Table A-2.— Geopressured aquifers in southern Louisiana and adjacent 
areas of the Continental Shelf (partial extract of data 
in Exhibit "H", Southern Louisiana Rate Case AR61-2,
Gas Supply Section, U. S. Federal Power Commission) JL/
Depth Field Name Temperature Pressure Geostatic
(feet)  (degrees F.) (psi) 2/ Ratio__
1355-1430 Bay Marchand 91 680 .502
2674- ? Southeast Pass 106 1 390 .520
5405-5433 Ship Shoal 140 3 132 .579
6268-6311 West Cameron 163 3 205 .511
7080-7090 Do. 173 3 712 .524
7483-7507 Do. 179 3 993 .533
7996-8013 Do. 187 4 370 .546
8400-8413 Vermilion Bay 208 4 580 .545
8700-8831 Do. 211 4 680 .538
9012-9047 Eugene Island . 182 4 715 .523
9033-9061 South Pelto 219 4 938 .547
9401-9422 Church Point 201 6 417 .683
9464-9533 South Pelto 225 5 416 .572
9824-9877 East Cameron 213 6 025 .613
9879-9906 Do. 213 6 001 .607
10005-10047 Iowa 246 7 169 .717_
10025-10039 Jefferson Island 194 5 379 .537
10410-10418 High Island 209 7 802 .749
10500-10517 English Bayou 233 8 154 .777
10585-10630 West Cameron 2-23 6 325 .598
10790-10816 Raceland 208 6 792 .629
10800-10906 Mud Lake 231 5 724 .530
10950-10974 Churchpoint 243 7 686 .702
11200-11389 Mud Lake 246 6 272 .560
11330-11356 Rayne 217 6 900 .609
11650-11679 Chalkley 233 9 345 .802
11933-11943 Erath 231 6 602 .553
11950-11995 Bayou Penchant 230 9 031 .756
12200-12246 Lake Arthur 262 10 100 .828
12295-12328 Thornwell 303 11 800 .960
12450-12493 Belle Isle 231 6 690 .537
12550-12562 Grand Isle 263 8 745 .697
12693-12757 Vermilion 235 8 276 .652
12900-12935 Bastian Bay 224 8 859 .687
12942-12949 Bayou Chevruil 246 11 067 .855
13200-13228 Lake Chicot 232 11 522 .873
13265-13275 West Cameron 280 11 664 .879
13617-13640 Thibodaux 237 10 418 .765
13700-13735 Thornwell 272 12 282 .896
13708-13761 West Delta 239 10 782 .787
13753- ? Caillou Island 270 7 113 .517
13937-13950 Rousseau 241 10 635 .763
14145-14178 Ship Shoal 261 7 109 .503
14150-14225 Houma 253 10 790 .763
14300-14341 Lake Sand 263 10 975 .767
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Table A-2.— Geopressured aquifers in southern Louisiana and adjacent 
areas of the Continental Shelf— Continued (partial 
extract of data in Exhibit "H", Southern Louisiana 
Rate Case AR61-2, Gas Supply Section, U. S. Federal 
Power Commission)JL/
Depth Field Name Temperature Pressure Geostatic
Ratio(feet) (degrees F.) (psi)2/
14344-14376 Garden City 259 12,096 .843
14594-14606 Do. 263 12,295 .842
14602-14628 Constance Bayou 278 7,340 .503
14600-14650 Lapeyrouse 264 9,075 .622
14700-14731 Do. 266 10,020 .682
1^900-14940 Lake Washington 266 10,180 .683
15050-15084 Garden City 260 14,210 .944
15150-15160 Deep Lake 332 9,390 .620
15249-15289 Lake Pagie 268 10,819 .709
153.18-15375 Thornwell 315 11,376 .743
15336-15407 Lake Arthur 329 13,933 .909
15580-15595 Leleux 277 13,570 .871
15600-15800 Deep Lake 366 9,885 .634
15871-15880 Lake Sand 296 12,505 .788
16000-16018 Lacassine 275 14,625 .914
16450-16495 Hollywood 280 14,540 .884
16570-16585 Weeks Island 266 9,495 .573
17300-17340 Belle Isle 316 11,420 .660
17395-17429 Lake Sand 318 13,477 .775
_1/ Locations of fields listed are shown on figure 36, p. A10.
2/ A pressure of 1 psi is equivalent to 2.31 feet of fresh-water
head.
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Figure 36.— Representative geopressured reservoirs in southern Louisiana and adjacent 
offshore areas, listed in table A-2, p. A8. A10
appendix b
Chart Showing Stratigraphy and Water-Bearing Properties 
of Geological Formations
Stratigraphy and water-bearing properties of g( 
'formations in the Houston District, Tex. (Wood 
_________________ 1965) ________________
System Series Formation
Approximate
thickness
(feet)
Lithology
Recent Alluvium 0- lOOf
FluviatUe deposits of bro 
sand, gravel, clay, and 
valleys and deltas. Als 
near-shore marine deposi
Quaternary
Pleistocene
Beaumont Clay ' 0-1,300
Calcareous bluish, yellow! 
gray, purple, and red cl 
calcareous nodules. Lig 
gray sand, medium to fin 
as lenses in the clay, 
plants, and shell beds a 
(Alta Loma) sand 100-350 
curs in southeastern par 
The Alta Loma sand has n 
fied in the outcrop.
Lissie Formation 0-1,100*
Alternating thin to thick 
coarse, pink to gray, sa 
with sandy clay and clay 
tils of gravel. Largely 
deltaic deposits with .so 
marine clays near the co
Tertiary (?) Pliocene(?) Willis Sand 0- 350
Ferruginous fine to coarse 
pink to red in surface e 
tonitic gray clay interb 
semlnated in varying amo
Pliocene Goliad Sand 0- 250
Whitish or pinkish-gray sa 
calcium carbonate and in 
white to re<J gravel and 
clay. Occurs only in th 
the Houston district as 
overlaps the Goliad east 
River.
Miocene (? ) Lagarto Clay 1,100-2,200
Principally yellow, gray, 
slve to laminated clay, 
lenses of brown to gray, 
medium to coarse, frlabl
Tertiary
Miocene
Oakville
Sandstone 200- 500
Crossbedded light-gray mas 
bedded with gray or yell 
clay. Continental depos 
grading into marine scdl 
present coast. Contains 
ceous fossils and volcan 
differentiated in outcro 
Clay, cast of Brazos Riv
Miocene (?)
Catahoula
Sandstone 700-1,200
Massive dark-brown, blue, 
silt, tuffaceous silt, a 
sandstone. Sandstone be 
brownish-gray, and bluls 
medium-grained and cross 
consist of quartz grains 
cement. Conglomerate be 
some places.
APPENDIX C 
Excerpts from Referenced Papers
Cl
An hypothesis to explain the diagenesis of formation waters was 
offered by DeSitter (1947, p. 2039-2040), who describes the process in 
the folloxjing paragraphs:
The slow and steady water circulation indicated by the 
common character of these Paleozoic analyses may be due to 
the compaction of the sediments under the ever increasing 
load of sediment deposition, necessitating the gradual 
squeezing-out of the fluid originally filling the pore space.
The continuous flow of water from bottom to top in a vertical 
direction would have the result that original differences in 
composition of the connate water disappeared and that in one 
basin only one type of water can be found. The squeezing- 
out of water has been accompanied in the beginning by pre­
cipitation of all the calcium and magnesium carbonates and 
sulphates. It is a well known fact that the base-exchange 
capacity of the clay minerals favors the adsorption of the 
calcium and magnesium cations.
The small gypsum crystals, the pyrite content, and, 
in some degree, perhaps the dolomitization, may all be the 
result of this reaction between the steady upward stream of 
water and the sediment. At a certain moment, however, this 
selective precipitation stops and some other factor deter­
mines the steady concentration of the salts in the water.
Neither admixture of salt, nor evaporation of the water, nor 
solution of salts from the sediments, can be made responsi­
ble for this concentration phenomenon. The only direct 
process one can imagine is a "sieve" action of the somewhat 
compressed sediments, through which the compaction flow of 
water continues. When the sediment has acquired by compac­
tion the property of a semi-permeable membrane, i-t allows 
the water molecules to pass through but retards the salt 
ions; the observed arrangement of connate water concentra­
tions would then have found a reasonable explanation.
Where the compaction has been greatest and the distance of 
water flow longest, the concentrations become highest, 
diminishing with decreasing thickness.
We have to imagine the influence of the process of 
compaction, therefore, in two successive stages. In the 
first stage the original connate sea water is queezed out, 
but the Ca and Mg cations are adsorbed by the surface of 
clay minerals. In the second stage, when the permeability 
has been reduced to such extent that the clay sediment has 
acquired a semi-permeable property, only the water molecules 
are squeezed out; the salt cations are unable to pass 
through the much reduced average pore diameter. This aver­
age pore diameter is not the total space left between the 
clay minerals, because part of it is always taken up by the 
layers of water solutions adhering as thin films on the
DeSitter (1947, op. cit., p. 2039-2040)
minerals. In these films the concentration of Ca and Mg 
will be much higher than that of Na, due to the base-exchange 
capacity of the clay. Hence, in a later phase of the com­
paction a portion of these water films is also squeezed out 
and enters the sands intercalated everywhere with the 
shales. This water, therefore, obtains an ever increasing 
percentage of Ca+Mg. The Ca and Mg which, in the first 
stage of compaction, were held back by the clays, re-enter 
the water in the later stages. The question why the ratio 
Mg/Ca+Na remains constant is still unsolved by this repre­
sentation of the mode of concentration, but the relation 
may be due to some law of equilibrium between the free 
water and the loosely bound cations on the surface of the 
clay minerals.
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The hydrology of aquifer systems of the Gulf Coastal Plain has been
described by Winslow and others (1957, p. 388-389) as follows:
Water moves from the intake areas down the dip of the beds, and 
when it passes beneath a confining layer artesian conditions are 
established. As soon as these conditions occur, water will move 
upward through the clays as well as laterally through the sands 
although, because of the low permeability of the clays, the 
vertical movement will be at a much slower rate than the lateral 
movement. The water will move through the beds pushing the salt 
water before it until the loss of head resulting from friction 
is balanced by the column of salt water extending to sea level.
A state of dynamic equilibrium will then be established, for 
there will be sufficient pressure gradient in the fresh-water 
zone to move the fresh water upward through the clays and 
discharge it at the surface. In terms of geologic time the 
interbedded sands and clays will act as one homogeneous aquifer 
and one side of a Ghyben-Herzberg lens will be established.
Because of the dynamic equilibrium the contact between fresh 
and salt water will not be at the shoreline but will be some 
distance offshore, in accordance with the principle as stated 
by Hubbert (1940, p. 925). Water levels in wells penetrating 
the saltwater section will stand approximately at sea level if 
the aquifer has been completely flushed. At Houston the ori­
ginal heads were high enough to account for the present thick­
ness of the fresh-water zone; and the presence of only slightly 
saline water in shallow wells a few miles offshore indicates 
that the aquifer has been flushed at least that distance.
Diagenesis of formation waters in sedimentary rocks has been 
' described by White (1965, p. 345-346) in the following terms:
Much recent evidence indicates that (1) the original 
interstitial water of sediments normally undergoes diagenetic 
changes related to bacterial activity and decomposition of 
organic matter; (2) inorganic reactions between mineral phases 
and interstitial water occur during early and late diagenesis 
and also during metamorphism; (3) compaction always occurs, at 
least to some extent, in response to sediment load, so water 
must migrate either locally or extensively in directions of 
decreasing potential; (4) "salt-sieving" mechanisms, only 
slightly understood until very recent years, account for 
changes in salinity of probably all deep waters of sedimentary 
basins; and (5) other mechanisms, even less well understood, 
account for changes in chemical composition of saline waters.
Dr. J. G. McKelvey of Gulf Research and Development Co., 
Pittsburgh, Pa., discussed streaming potentials in his letter of 
February 8, 1966, as follows:
As to the streaming potential, this is usually thought of 
as being generated in response to thq applied pressure rather 
than the flow. The streaming potential is independent of plug 
thickness and directly proportional to the applied pressure. 
Observed values are of the order of 0.8 mv per 100 psi applied 
pressure (the low-pressure side is potitive with respect to 
the high-pressure side). As a very general rule of thumb, the 
streaming potential developed across a well-leached plug will 
be proportional to the water content divided by the base 
exchange capacity. Concentrated brines tend to reduce the 
streaming potential, particularly for clays or shales of low 
base exchange capacity and high water content; e.g., Mississi­
ppi River mud (at 32% porosity) yields a streaming potential 
differential of 0.8 mv per 100 psi when measured with 0.5N 
NaCl. This drops to 0.4 mv per 100 psi when measured with a 
saturated solution of sodium chloride.
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Kerr and Barrington (1961, p. 1700-0 705) applied two physical tests 
for deformation effects in studies of clays of the deep shale zone, at 
Caillou Island, La. These tests, "indentation" and 'fculk density", have 
been indirectly indicative of shale compaction. "Indentation" is 
described in the following paragraphs (p. 1701):
Indentation numbers are obtained with a Wilson "Tukon" 
hardness tester. Shale fragments are mounted in polyresin 
in the form of a disc about one inch in diameter and 1/2 
inch thick. The top of the disc, which exhibits the 
mounted specimen, is ground smooth and placed in the in­
strument, which consists basically of a lever with a 
pyramidal diamond point mounted on one end. Weights of 
different amounts are hung on this lever to press the 
diamond against the specimen. In operating the tester, 
the diamond point is slowly pressed against the flat 
surface of a specimen. A small indentation is obtained 
which ranges in size depending on the resistance of the 
specimen and the weight on the lever....
The diameters of the square indentation are measured 
with a filar eyepiece. The average diameter, the magni­
fication in the microscope attachment, and the weight on 
the lever yield a value which represents the relative 
"hardness" of the material. The values so obtained for 
the Caillou Island clay aggregates are herein referred to 
as indentation numbers....
Bulk density measurements for illite (were) plotted 
against corresponding indentation measurements. The two 
yield an essentially consistent sequence (p. 1704).
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Stages of water release from clayey sediments of the Gulf Coast
are described by Burst (1966, p. 607) as follows:
Water, the principal fluid component of the sedimentary 
section, is thought to migrate in three separate stages. 
Initially, pore water and excessive (more than two) clay-water 
interlayers are removed by the action of overburden pressure. 
This initial water flow (which is essentially completed after 
the first few thousand feet of burial) reduces the water con­
tent of the sediment to about 30 percent, most of which is in 
the semi-solid interlayer form. A second stage of dehydration 
is thought to occur when the heat absorbed by the buried sedi­
ment becomes sufficiently great to mobilize the next-to-last 
water interlayer in an M(H20)X +£ H = I + x^O fashion. The 
final stage of sediment dehydration which extracts the last 
remaining water monolayer from clay lattices is apparently 
slow, even by geologic standards, requiring tens or possibly 
hundreds of millions of years, depending upon the geothermal 
and burial history of the sample.
* * *
The first and last dehydration stages probably are 
unimportant in Gulf Coast oil migration inasmuch as they occur 
at levels which are too shallow or too deep, respectively, to 
intersect the interval of maximum liquid petroleum availability. 
However, the amount of water in movement during the second 
stage, which does intersect this interval, is 10-15 percent 
of the compacted bulk volume, and represents a significant 
fluid displacement capable of redistributing any mobile sub­
surface component. A measure of the degree to which this 
second-stage interlayer water has been discharged into the 
system can be noted on X-ray diffractograms. It appears to 
occur in a relatively restricted, depth-dependent temperature 
zone in which the average dehydration temperature of the points 
measured is 221°F.
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Structural, stratigraphlc, and hydrodynamic features of geopres­
sured deposits in southwestern Louisiana are described by Dickey (1968, 
p. 609-612) in the following paragraphs:
The stratigraphic units which are overthickened on the 
downthrown side may thin for a few miles, although the 
regional thickening is to the south. This situation results 
in a northward dip in the deeper horizons, contrary to the 
regional southward dip. This dip reversal often provides 
structural closure for the oil and gas fields.
* * *
The areal pattern of the faults is very complex. The 
divergence of the key beds is so great and the facies of the 
rocks changes over such short distances that a particular 
horizon can be used for a datum in a belt only a few miles 
wide. The petroleum geologist uses ordinary structure contour 
maps for detailed study, but there are so many fault blocks 
that such maps do not give a clear regional picture of the 
configuration of the surfaces.
* * «
The traces of the fault planes on the horizontal are 
arcuate, usually concave toward the south. The slip planes 
are thus spoon-shaped. Frequently the fault planes split and 
the same total throw is divided among several faults. Occa­
sionally there is a fault with opposite dip and with throw 
down toward the north, but none of these are shown in the 
model. In the grabens north of such "faults the stratigraphic 
units may be extremely overthickened. The growth faults occur 
in swarms roughly parallel to the coast, but they are not long 
linear features. Instead they form a very complex pattern of 
intersecting and splitting curves, mostly concave toward the 
south.
* * *
...pore water has been able to move across the bedding planes 
of shale hardly at all, in spite of a pressure gradient ex­
ceeding 10 pounds per square inch per foot during scores of 
millions of years. Obviously shales have small but apprecia­
ble permeability to water; otherwise how could compaction 
occur? But after a certain stage of compaction has been 
reached, the flow of water must be almost exclusively par­
allel to bedding planes.
This observation contradicts the hypothesis, advanced to 
explain supposed hydrodynamic phenomena in oil fields [16], 
that water moves extensively across bedding planes. Shale
permeability is difficult to measure, and no reliable values 
have been published. In view of the porosity of shales, their 
average permeability should be appreciable. Perhaps the best 
explanation for the lack of movement is that the water exhibits 
non-Newtonian behavior in the finer interstices of porous 
media. That is, its viscosity changes with rate of flow, and 
it acquires some of the properties of a solid [17]. It may be 
that there is a threshold pressure which must be exceeded 
before any flow takes place.
* * *
The top of the undercompacted shale is approximately at 
the stratigraphic horizon where the next large growth fault 
to the north— that is, in the up-dip direction— dies out 
upward. From this it is concluded that the horizon of the 
shallowest abnormal pressures is controlled by the growth 
fault. Occasionally the growth faults continue upward into 
shallower horizons as normal faults, but they do not cause 
abnormal pressures down-dip unless they have growth charac­
teristics— that is, disparity in thickness on either side of 
the fault plane.
* * *
The high pore pressures in the shale facilitate the 
sliding, and it is hard to tell whether the growth faults 
cause the abnormal pressures or vice versa. It is certain 
that at the present time large areas of the Gulf Coast are 
underlain by zones containing water under pressure almost 
high enough to float the overlying rocks. Only a small 
increase in southward tilting, such as subsidence of the 
shelf edge, might cause large slabs of the continental-shelf 
sediments to go sliding down the slope into the Gulf of 
Mexico. Here they would pile up on each other like thrust 
sheets and nappes, as suggested by Rubey and Hubbert (1959).
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